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ABSTRACT 
Localised surface plasmon resonances arise from the interaction of an oscillating electromagnetic 
field with a conductive subwavelength particle. The modes are considered to be non-propagating 
and need to be distinct from surface plasmon polaritons (SPP) on planar dielectric-metal 
interfaces. Both types of plasmon modes strongly confine electromagnetic energy into small 
spaces. However localised surface plasmon modes, in contrast to propagating SPP, can be excited 
by direct light illumination. This reduces the complexity arising from aligning and makes 
subwavelength metal particles very attractive for applications, for example in sensing arrays. 
In this work the scattering properties from subwavelength metallic grating structures arranged in 
a 2-D square lattice are studied. The particular structures comprise gold discs with dimensions of 
—100nm on an indium tin oxide waveguide layer. The experimental work focuses on the full 
optical far-field characterisation of the gratings. We use a spectroscopic setup that allows 
measuring the transmission and reflection of arrays across the visible spectrum, and also 
provides access to the gratings angular-resolved response. All experimental results are 
interpreted in conjunction with calculations from theoretical models such as modified long 
wavelength approximation (MLWA) on ellipsoidal metal particles and rigorous coupled wave 
analysis (RCWA) on subwavelength metal gratings. 
The distinct dispersive behaviour of plasmon and waveguide resonances is used to evaluate the 
impact of particle and grating geometry. A case of interest is when the waveguide resonance and 
localised surface plasmon resonance spectrally overlap, and sharp features arise in the far-field 
response. In order to disentangle the complex physics of this phenomenon the coupling to the 
resonances is spectrally tuned by varying the grating constant, the polarisation and the incident 
grating angle. 
We find that the optical properties of deposited superstrate layers significantly affect the 
plasmon and waveguide resonances. Implications for using the studied grating geometries in 
plasmonic sensing applications are discussed and assessed. 
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CHAPTER 1 
1 Introduction 
Nanostructuring offers the exciting perspective to tailor material properties according to people's 
needs. If materials have been fractionised to dimensions on a nanometer scale their optical 
properties might show a special dependence on structure size and shape, which is not present in 
the bulk material [1-6]. One classical example for using the change of optical properties on a 
nano scale is the staining of church windows. For centuries subwavelength metal particles of 
different sizes have been mixed with glass leading to the most amazing colours [7]. Responsible 
for the different colours are localised surface plasmon modes. These are electromagnetic 
resonances which 'trap' incoming light at the surface between a subwavelength metal particle 
and a dielectric medium. They exhibit a broad extinction band that can be tuned in the visible 
spectrum by varying the size and shape of the particles [1, 3]. Thus the church windows appear in 
different colours. 
Subwavelength metal particles have been produced for a long time [8]. However a systematic 
study of different particle shapes and arrangements has only become possible with recent 
advances in nanotechnology [9]. Top-down approaches such as e-beam lithography got a 
significant boost at the end of the 20th century [10]. Now scientists were intrigued by the 
opportunity to examine the properties of nanostructured materials in great detail, and to lead 
their potential into applications. Localised surface plasmons confine light below the diffraction 
limit, and have been explored for a variety of purposes (e.g. for devices in optoelectronic 
circuits). Of particular interest has been their usefulness for sensing. 
The implementation of nanostructured metals for sensing applications is an excellent concept 
because localised plasmon modes can be excited by direct light illumination [1, 3]. This reduces 
the size and alignment requirements for a sensor device. In a localised surface plasmon 
resonance (LSPR) sensor changes of the local refractive index are transduced to wavelength shifts 
of the extinction band maximum [11, 12]. LSPR sensors based on metal colloids have been widely 
established since the 1990's [11-15]. However the subwavelength metal particles show a rather 
broad extinction band. An ideal sensor would exhibit a sharp spectral feature so that a good 
selectivity can be achieved. Beginning of this century it was found that narrow lines emerge when 
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subwavelength metal particles are arranged in a grating geometry [16]. These sharp features 
arise when there is spectral overlap of the LSPR and the diffraction edge of the grating [17]. They 
are an interesting phenomenon but it has yet to be established whether they are useful for 
sensing applications. 
Advances in the quality of experimental data on subwavelengh metal structure gratings have only 
been made very recently [18-26]. Different types of grating structures were investigated in 
literature, which could be distinguished into the following categories: i) 1D [20, 23, 24] or 2D 
subwavelength metal gratings [18, 19, 21, 25, 26], and ii) gratings with [16, 24] or without [18, 
19, 22, 24-26] an underlying waveguide. Of these, structures including the waveguide are 
doubtlessly the most complex system, and a lot of interesting points still need to be explored. For 
instance, what impact does the 2D nature of the grating have onto the structures' far-field 
response, and what role plays the waveguide? One way forward to disentangle the fascinating 
physics of the gratings is to map their full dispersion with far-field spectroscopy. Mapping the 
dispersion involves monitoring the response of the spectral features towards changes in the 
orientation of the incident electromagnetic field (grating angle and polarisation). The dispersion 
of 2D subwavelength metal gratings is very rich and certainly reveals enlightening information 
about the grating's interaction with light. 
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1.1 Thesis outline 
In this thesis we examine the scattering properties of subwavelength gold particles arranged in 
2D square lattice supported on an indium tin oxide (ITO) waveguiding layer. The set of gratings 
studied comprises different lattice periods (260nm, 380nm and 420nm) and particles shaped as 
ellipsoidal prisms. The dimensions of the particles are —100nm. The experimental work focuses 
on the full optical characterisation of the gratings with far-field spectroscopy, and on mapping 
their dispersion. It is aimed to contribute to a better understanding of what governs the optical 
response of the grating structures, and to evaluate their suitability for sensing refractive indices 
of thin superstrate polymer layers. 
The thesis is divided into 8 chapters and organised as follows. In chapter 1, we give an overview 
of the thesis content intended to guide the reader. Chapters 2 to 5 form the necessary basis for 
understanding the far-field spectroscopy measurements presented in chapters 6 and 7. Chapter 2 
presents a literature review with the main focus on localised surface plasmon resonances in the 
optical response of subwavelength metal gratings. The dependence of localised plasmon 
resonances on the particle size, the particle shape and the surrounding medium is highlighted, as 
well as the implications of arranging subwavelength metal particles in a grating geometry. In 
order to assess the suitability of the particular set of 2D-subwavelength metal gratings studied in 
this thesis for refractive index applications we also give a brief overview on literature about 
optical sensors based on single nanoparticles and metal nanoparticle arrays. 
In chapter 3 we introduce the set of 2D-subwavelength metal particle gratings studied in this 
thesis and explain how the samples have been characterised. Particular attention is given to the 
far-field transmission setup that has been centre of the experimental investigations, and how 
parameters such as incident grating angle and polarisation have been defined to map the 
dispersion of the gratings. It is vital to cross-link the spectra to the sample geometry, and we 
demonstrate how the gratings were characterised with scanning electron microscopy (SEM) and 
atomic force microscopy (AFM). 
In chapter 4 we introduce typical far-field extinction cross section spectra measured on the 
grating structures. We identify the main spectral features in the optical far-field response, the 
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localised plasmon resonance and a grating induced waveguide feature, and define the 
nomenclature for the gratings. We then present concepts that help to understand the underlying 
physics of the spectral features. We also compare extinction cross section to transmission and 
reflectivity spectra, and will establish that looking at the extinction cross section spectra is a valid 
approach to capture the physics of light encountering the subwavelength metal gratings. Finally 
we show how different spot sizes affect the extinction cross spectra, and investigate if the 
spectrum can be reproduced after applying a cleaning process to the samples. 
In chapter 5 we outline theoretical models that are used to interpret our experimental findings. 
As the studied gratings comprise a complex geometric structure we attempt to investigate 
different aspects of the grating structure separately, e.g. particle, waveguide and grating effects. 
This way, features of the measured far-field spectra can be better associated with different 
optical phenomena. For studying the single particle effects we will give the basic concepts of the 
modified long wavelength approximation (MLWA). The fundamental properties of the waveguide 
can be well captured using a simple asymmetric slab waveguide model that we will be briefly 
outlined. We will also introduce the rigorous coupled wave analysis (RCWA), which will give us 
further insight into the effects. of the grating and layered optical surroundings. 
Chapters 6 and 7 form the main result chapters of this thesis. In chapter 6 we study in detail the 
dispersive behaviour of the features present in the gratings' far-field response, meaning response 
of the plasmon and waveguide resonance to grating angle and change of polarisation. In chapter 
7 we assess the implications of the observed dispersive behaviour for using these structures in 
refractive index sensing applications. 
In chapter 6 we study two types of grating structures. For the first type of structure ('non-
diffractive') the localised plasmon resonance feature and the grating induced waveguide 
resonance are spectrally well separated. We will present far-field spectra taken with varying 
grating angle and polarisation which show that the plasmon resonance feature is mainly 
governed by the shape, size and orientation of the metal particles. For the second type of grating 
structure ('diffractive') the localised plasmon resonance and the grating induced waveguide 
resonance overlap spectrally, which means that the structure can be used to study the 
interaction between the two features. We will show that due to the 2D nature of the grating it is 
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possible to switch between different waveguide resonances by varying the grating angle and the 
polarisation of incident light. This allows us to directly demonstrate the impact of the waveguide 
resonance on the plasmon resonance feature in the far-field spectra. 
In chapter 7 we test the suitability of the grating structures for detecting refractive indices of thin 
polymer superstrate layers, and assess the implications of the found dispersive behaviour on 
reproducibility and sensor sensitivity. The plasmon and waveguide resonance respond differently 
towards refractive index changes; with the plasmon resonance being more sensitive and the 
waveguide resonance giving a better reproducibility. We will use the dispersion to show how 
variations in metal particle shape affect the sensitivity of the plasmon resonance to optical 
changes. In this context we will highlight the accuracy requirements on the sample fabrication 
process to achieve a good compromise between high sensitivity and reproducibility with such 
sensor devices. Other aspects that are important for sensing applications are investigated 
including the impact of superstrate dispersion and thickness on the spectral features. 
In second part of chapter 7 we will show a way how to combine the advantages of the spectral 
plasmon and waveguide features for a plasmonic sensor. We will demonstrate that the unique 
dispersive behaviour of the 2D metal gratings, which was highlighted in chapter 6, can be 
exploited to achieve a better contrast and a higher tolerance towards angle of incidence in 
plasmonic sensing arrays. 
In chapter 8 we present the main conclusions of the thesis and ideas for future work. 
Following this is the appendix section with supplementary material on the topics 'Dispersion 
relation of surface plasmon polaritons' (A1), 'Material parameters' (A2), 'The Lorentz model' (A3), 
and 'Grating diffraction edges for different periodicities and host materials' (A4). 
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2 Literature review 
2.1 Surface plasmons and Plasmonics 
The conducting electrons in a metal are freely mobile charges and are also known as high density 
liquid or plasma. Plasmons can be understood as oscillations of this free electron density against 
the fixed ions in the metal. Their behaviour is described in the plasma model and leads to the 
definition of the plasma frequency [27]. In the small damping limit the plasma frequency is a 
characteristic of the longitudinal collective oscillations in the metal, also known as volume 
plasmons [3, 27, 28]. Due to their longitudinal nature volume plasmons cannot be excited by 
electromagnetic fields [3]. 
Surface plasmon polaritons (SPP) on the other hand are charge oscillations that are confined to 
the interface of a metal and dielectric. They arise from the coupling of an electromagnetic field 
with the free electrons of the conductor. The waves also have transversal character which is why 
they can couple to electromagnetic fields under specific circumstances [6, 29]. The 
electromagnetic field of surface plasmon polaritons decays exponentially from the surface [30] 
which leads to a large confinement of electromagnetic energy near the metal-dielectric interface. 
The waves can propagate along the interface over macroscopic distances [31]. Surface plasmon 
polaritons need to be distinguished from localised surface plasmons. Localised surface plasmons 
are non-propagating excitations of the conducting electrons of a metallic nanostructure coupled 
to an electromagnetic field [3]. Localised surface plasmon resonances on subwavelength metal 
particles can be excited by direct light illumination [1] in contrast to propagating SPPs on flat 
interfaces where phase-matching techniques [29, 32] need to be applied. Due to their large 
confinement SPP waves and localised surface plasmon resonances hold the promise to control 
light below the wavelength limit, at a nanometre length scale. 
The research on plasmon waves started with Sommerfeld in 1899 who examined weakly bound 
light waves on metal wires, also known as Sommerfeld-Zenneck waves [33, 34]. Later 
Sommerfeld introduced the concept of electromagnetic surface waves as a solution of Maxwell's 
equations for a planar interface between a dielectric and a conducting medium [35]. 
Experimentally the existence of electromagnetic surface waves on a metal-dielectric interface 
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was finally demonstrated around 1950 with fast electrons passing through thin metal foils [36-
40]. Ritchie assigned the observed energy losses of electrons to the excitation of surface plasmon 
waves in 1957 [37]. 
In 1968 the excitation of surface plasmon waves by light was demonstrated by Otto [32] and 
Kretschmann et al. [41]. The SPP waves were resonantly excited by prism setups using 
attenuated total reflection. The possibility to excite SPP waves by light suddenly opened a wider 
field for the application of SPP waves. Nylander and Liedberg et al. made use of the fact that a 
plasmon resonance is very sensitive towards the boundary conditions and demonstrated in 
1982/1983 that the Kretschmann configuration is well suited for detecting gases and 
biomolecular sensing [42, 43]. In the 1980's various studies of SPPs on planar metal surfaces 
followed and SPP sensors started to be established as a widespread analytical tool [44]. Around 
1990 plasmonic sensors emerged where the incident light coupled to surface plasmon polariton 
modes via a grating arrangement [45, 46]. The grating system was less dependent on the exact 
deposition of very thin and highly reproducible metal layers compared to the prism system [46]. 
On the other hand to achieve a good reproducibility with the grating system a good quality of the 
diffraction grating is required. At this point scientists applied manufacturing processes (e.g. 
interference lithography) that were known from fabricating compact audio discs with typical 
grating periods being —14tm [47]. The fabrication processes did not yet allow studies on 
specifically shaped subwavelength metal particles. 
In the late 1990's plasmon research got a significant boost due to advances in nanofabrication 
techniques such as e-beam lithography [10], nanosphere lithography [48], nanoparticle synthesis 
[49, 50] and nanoimprint lithography [51, 52]. The nanostructuring of metals and the 
investigation of their interaction with light became a research field known as 'Plasmonics' [5]. 
Systematic studies on subwavelength metal structures were now possible and scientists 
examined plasmonic excitations for a variety of applications [3], which included the design of 
photonic circuits [53] and the improvement of sensing techniques such as surface enhanced 
Raman spectroscopy [54]. The advances in fabrication procedures now also enabled systematic 
studies of localised plasmon resonances on noble subwavelength metal particles. The particles 
give rise to strong absorption bands that are not present in the bulk metal [1], and the bands are 
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tunable in the optical spectrum depending on composition, size and shape of the particles [55, 
56]. The localisation of the absorption band is also very sensitive to dielectric properties of the 
environment, and as a result subwavelength metal structures have been widely used for sensing 
[9, 15], e.g. probing refractive index changes [15, 57-60]. 
When subwavelength metal particles are aligned in an ordered grating arrangement coherent 
interactions between the particles can lead to interesting effects: Suppressions and 
enhancements in the optical spectra of subwavelength metal particle gratings have been 
observed near the diffraction edge [16, 17, 20, 21, 26]. Thus the grating arrangement enables an 
intentional tuning of the localised plasmon feature in the far-field spectra, e.g. by adjusting the 
angle of incident or the grating period [16]. The sharp plasmon features arising from periodic 
alignment of nanostructures might lead to an improvement of the selectivity and contrast in 
plasmonic sensors. Some good results have already been demonstrated with nanohole arrays 
[61], where the arrays were utilised to detect refractive indices of immersion liquids (cf. section 
2.5.2). However it has hardly been investigated whether combining localised surface plasmon/ 
resonances on metal particles with grating induced features offers advantages for refractive 
index sensing applications. In this thesis we examine grating structures comprising 
subwavelength gold particles in a regular 2D square lattice and supported on an indium tin oxide 
(ITO) waveguide layer, and assess the suitability of these structures to detect refractive indices of 
thin superstrate polymer films. 
2.2 Surface plasmon polaritons (SPP) vs. localised surface plasmons 
In this section we first introduce the fundamental properties of SPP waves as they formed the 
'basics' of surface plasmon research. The main focus of this thesis is however on localised 
plasmon resonances which we introduce in the second part of this section. We highlight how 
localised surface plasmons differ from SPP waves. 
2.2.1 Basic properties of SPP waves 
Surface plasmon-polaritons are electromagnetic surface waves that are supported at the planar 
interface between a metal and a dielectric. Along the interface SPP waves may propagate on 
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macroscopic length scales [30, 31]. The electromagnetic field of surface plasmon polaritons 
decays exponentially from the surface forming an evanescent wave, which leads to a large 
confinement of energy. The field distribution of SPP waves is schematically shown in Figure 2-1. 
Figure 2-1: 	Schematic of field distribution of a surface plasmon polariton wave at a metal-dielectric 
interface. (after reference [6]) 
SPP waves are an electromagnetic phenomenon and can be described using Maxwell equations 
((2.1)-(2.4), where E is the electric field, H the magnetic field, B the magnetic induction, D the 
electric displacement , r a vector in space, t the time, J current density and p charge density [62]. 
curIE (r, 0 = — —
a
B (r, 0 
at 
a 
curlH(r, t) = —
at
D(r, t) + 1 (r, t) 
divD(r, t) = p(r, t) 
divB(r, 0 = 0 
The properties of SPPs have been discussed in detail elsewhere [29]. Here we shall only sum up 
their most important characteristics. From the boundary conditions it follows that SPP waves can 
only be excited by p-polarised light because a discontinuity in Ex is needed to result in 
polarisation changes at the interface [63]. The dispersion relation of surface plasmon polaritons 
can be derived [29] from Maxwell equations (see appendix Al), and is given for a SPP mode at a 
planar metal-dielectric interface in equation (2.5), where k5  is the wave vector of the surface 
plasmon (kspp = 27r/Aspp), k0 is the wave vector in free-space (k0 = 27r/210), with X  being the 
wavelength of light in vacuum, SPP  the wavelength of the SPP mode at the same frequency, E1  
the permittivity of the dielectric and E2 the permittivity of the metal. It can be noted that the 
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square root in equation (2.5) is positive and greater than 1. The SPP modes lie beyond the light 
line (Figure 2-2), and are bound to the surface. Consequently, for an ideal conductor (17n(E2 ) = 
0), free propagating light cannot couple to SPPs modes. This can be overcome by phase matching 
techniques, e.g. by prism coupling [32, 41] or grating coupling [46]. It is important to emphasise 
that SPPs can exist over a wide frequency range, in contrast to localised surface plasmon 
resonances. 
Figure 2-2 illustrates the SPP dispersion relation (equation (2.5)). We see that with increasing 
frequency the difference between ko and k„, also increases, which means that SPP modes 
become more confined. Metals support well-confined SPPs for visible and near-infrared 
frequencies, whereas at far-infrared frequencies, in the THz regime, the SPPs resemble a light 
field under grazing angle to the interface, also known as the weakly bound Sommerfeld-Zenneck 
waves. As the excitation of conduction electrons in real metals suffer from free-electron and 
interband damping (Im(E2 ) > 0), a good confinement of a mode usually means that the 
propagation length of the mode is low. This trade-off between localisation and loss is typical for 
surface plasmons [3]. 
    
kspp = 
 
El E2 
 
 
E1  + E2 
(2.5) 
Figure 2-2: 	Dispersion of a SPP mode. The mode lies beyond the dotted light line. Figure after reference [6]. 
An example for SPPs in sensing applications is presented in Figure 2-3 [64]. Here it is made use of 
the Kretschmann prism configuration to detect the refractive index of a red emitting 'RedF' 
polymer film [65]. The configuration consisted of a 30nm planar Ag film deposited onto a BK7 
prism. The measurements were performed using a 675nm laser diode. At a certain angle of 
incidence the light is coupled to a SPP mode at the silver/air interface and a dip in the reflectivity 
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is observed. The presence of the polymer layer induced a shift of the dip towards higher angles 
which can be calibrated to extract the refractive index of the top layer. The experimental data 
have been compared to transfer matrix calculations [64]. The theory confirms the red shift of the 
reflectivity dip that was found in the experiment. The mismatch between theory and experiment, 
e.g. the broadness of the dip when the 'RedF' film was deposited, is probably due to thickness 
variations in the 'RedF' film. Under the microscope a stripy pattern was visible showing that the 
'RedF' morphology was not flat, whereas a planar interface was assumed in the calculations [64]. 
Still the experimental and theory data nicely illustrate the concept of a SPP sensor. A SPP sensor 
with a grating coupler also detects the minimum in the reflectivity but usually involves a periodic 
perturbation in the metal to allow momentum matching [45]. The prism is not needed which 
makes the grating based sensor less bulky. It has been reported that the sensitivity of SPP sensors 
based prism couplers is higher than the sensitivity of SPP devices using the grating coupling 
technique [66]. 
Figure 2-3: 
	
Refractive index sensing using SPP waves in the Kretschmann prism configuration [64]. a) 
Schematic of prism technique. b) Reflectivity as a function of incident angle for a silver-air 
interface (black) and a silver-'RedF' interface (red). The solid lines are the measured data, the 
dashed lines are the theory curves obtained from transfer matrix calculations [64]. 
2.2.2 Basic properties of localised plasmon resonances 
Localised surface plasmons will be the focus of this thesis and they are distinct from SPP waves. 
Localised surface plasmons are non-propagating excitations of the conducting electrons of a 
metallic nanostructure coupled to an electromagnetic field [3]. An incident propagating 
electromagnetic wave can couple to the plasmon mode due to scattering events on such a small 
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nanostructure, e.g. a particle [1, 67]. Therefore localised surface plasmon resonances can be 
excited by direct light illumination [1] in contrast to propagating SPPs where phase-matching 
techniques [29, 32] need to be applied. The wavelengths at which localised surface plasmon 
resonances occur are given by a resonance condition, which we discuss further in section 4.2.1. 
Hence localised plasmon resonances do not exist over a wide wavelength band such as SPPs, but 
are excited in a limited spectral range. Noble subwavelength metal particles exhibit a strong 
absorption band in the ultraviolet/visible part of spectrum [8, 68, 69]. 
The phenomenon of localised surface plasmon resonances has been known for a long time [8]. 
One classical example for using them is the staining of church windows. The first complete 
theoretical solutions for scattering events on spherical subwavelength particles have been 
provided by Mie in 1908. It can already be concluded from applying Mie theory that the 
properties of localised plasmon resonances strongly depend on size and dielectric surroundings 
of the metal particle. In Figure 2-4 we present results of Mie calculations [70] for a 
subwavelength spherical gold particle embedded in a dielectric with the refractive index n. The 
refractive index data for gold have been taken from Johnson and Christy [71] (see appendix A2). 
Figure 2-4: 	Extinction cross section spectra of a spherical gold particle embedded in a dielectric medium with 
the refractive index n. The spectra were obtained from Mie calculations [70]. a) Spectra in 
dependence of particle diameter a in nm (n=1.0). b) Spectra of a gold particle with a=120nm 
embedded in media with different refractive indices n. 
We have plotted the extinction cross section (a L) spectra of the metal particle [1]. In the 
context of the scattering of light by small particles extinction has been defined as the sum of 
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absorption and scattering, or in other words 1 minus transmission (1-T) [1]. In literature different 
parameters linked to extinction can be found, for instance extinction cross section [1, 26] or 
extinction efficiency [72]. Generally a peak in any of these 'extinction' spectra can be associated 
with light that was scattered, reflected or absorbed by the investigated structure. A dip in the 
spectra means the light was transmitted. 
In Figure 2-4a extinction cross section spectra in dependence of the Au sphere diameter are 
shown (calculated with Mie theory [70]). We can identify a broad peak which arises from the 
dipolar plasmon excitation inside the particle [72] and it is apparent that the peak red shifts with 
increasing particle size. Consequently the conclusion can be drawn that the optical response of 
subwavelength metal structures can be tailored by varying the particle size. In Figure 2-4b we 
present results of Mie calculations [70] on a spherical gold particle (diameter=120nm) which is 
embedded in different refractive indices. It can be seen that the optical response alters 
significantly when the refractive index of the surrounding medium is changed. For larger 
refractive indices we can also identify a second peak at shorter wavelength which is attributed to 
higher multipole excitations [73]. Overall Mie calculations show that the optical response of 
subwavelength gold particles depends sensitively on (i) the particle size and (ii) the surrounding 
medium. The physics behind these observations will be further discussed in section 4.2.1. Already 
in the 1950s small metal particles were fabricated, e.g. through nucleation, and their quality was 
studied with the help of the electron microscope [74, 75]. Over time the nucleation fabrication 
process was improved [76] and Mie results could be well reproduced experimentally [77]. 
The dependence of optical properties on the geometry of small metal structures was very 
intriguing for scientists, and they were eager to extend their studies to particle shapes other than 
spheres. With the breakthrough of nanostructuring techniques in the late 1990s, such as e-beam 
lithography [10], nanosphere lithography [48], nanoparticle synthesis [49, 50] and nanoimprint 
lithography [51, 52], it was now possible to control the fabrication of metal particles on a 
nanometre scale, which resulted in various publications on the optical response of differently 
shaped metal particles ([48, 55, 78-80]). It was demonstrated that next to (i) particle size and (ii) 
the surrounding medium the optical response also depends very sensitively on (iii) the particle 
shape. It was found that if the metal particle is asymmetric then the position of the plasmon 
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resonance is also influenced by how the incident light is polarised when it encounters the particle 
[78, 79, 81, 82]. As an example we show a graph from Kuwata and co-workers [78] (Figure 2-5) 
where the scientists performed optical dark-field spectroscopy of scattered light from Au 
nanorods. This work was published in 2003. It was found that the light was scattered most 
strongly when the incident polarisation was parallel to the long particle axis, and that a higher 
aspect ratio increased the resonance wavelength. 
DOOM& 
1.4 	1.6 	1.8 	2.0 	2.2 
Photon energy (eV) 
Figure 2-5: 	a) An optical dark-field image of scattered light form Au nanoparticles, together with SEM images 
of the corresponding particles. b) Scattering spectra measured on Au nanorods when the incident 
light is polarised parallel to the long particle axis (black solid lines). Graph from reference [781. 
The sensitivity of the plasmon resonance position on the geometric particle parameters has also 
been nicely demonstrated theoretically by Prescott et al. [83] who calculated extinction spectra 
on gold nanorods using discrete-dipole approximation (DDA) simulations. The authors concluded 
that the spectral position of the plasmon resonance cannot be predicted by the aspect ratio of 
the nanorod alone. The rod width and the aspect ratio need to be considered. Additionally the 
end-cap geometry of the nanorod was found to be important. Consequently the exact shape of 
the particle has a significant effect on the spectra. The authors stated that it is therefore very 
difficult, if not impossible, to identify the morphology of a small metal particle directly from the 
extinction spectrum without independent structural information from transmission electron 
microscopy (TEM) or atomic force microscopy (AFM) images [83]. 
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2.3 Subwavelength metal particles arranged in grating geometry 
When subwavelength metal particles are aligned in an ordered grating arrangement the overall 
optical response is affected by coherent interactions between the particles. Changes in the 
plasmon peak position and shape due to radiative dipole coupling of metal particles in a grating 
geometry have been observed experimentally, e.g. by Haynes et. al. [84] and Lamprecht et. al. 
[85]. In 2004 Zou et al. [17] investigated theoretically the impact of the interactions on the 
grating's far-field spectra by using the coupled dipole approximation method [86]. They reported 
'remarkably narrow' plasmon lineshapes in the optical response from a 1D chain of silver 
nanoparticles. The sharp plasmon features appeared close to the diffraction edge which we call 
the spectral position where evanescent grating orders become propagating diffraction orders. 
Figure 2-6: 	Extinction cross section spectra measured on a 2D square lattice of gold nanoparticles with 
different grating periods (pitch). Picture from reference [26] 
In Zou et al.'s calculations [17] the narrow plasmon line shape could be shifted by changing the 
grating period which was further evidence that the alteration of the plasmon line shape was a 
grating induced effect. Their prediction of narrow lineshapes was later confirmed experimentally 
on a 1D grating by Hicks et al. [20], and on 2D gratings by Kravets et al. [21] and other work [19, 
22, 26]. As an example we show work from Auguie et al. [26], who measured extinction cross 
section spectra on a 2D square lattice of gold nanoparticles. The sharp plasmon feature red 
shifted with increasing grating period. The red shift of grating induced features due to increase of 
the lattice constant is expected and will be further discussed in section 4.1. Felidj et al. [87] 
performed similar experiments on gold particle arrays supported on a thin ITO layer. They also 
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observed the emergence of an additional peak when the diffraction edge overlapped spectrally 
with the particle plasmon resonance. The authors attributed the additional peak to the formation 
of a mixed light-plasmon mode of the whole array which is caused by the coupling of the 
radiation fields to the particle plasmon fields of neighbouring particles. The coupling leads to an 
enhancement of the electromagnetic fields. 
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Figure 2-7: 	a) Extinction spectra for a gold nanoparticle array on a 140nm thick ITO waveguide measured 
with varying angle of incidence a. b) Dispersion relation constructed from the measurements. 
Picture from reference [16]. 
Another interesting aspect is added when the metal nanostructure is deposited onto a dielectric 
waveguide layer. In 2001 Linden et al. [16] performed far-field spectroscopy on subwavelength 
gold particles arranged in a 2D square lattice. The grating was deposited on top of a 140nm ITO 
layer which is thick enough to allow the formation of a waveguide resonance in the dielectric 
film. Coupling to the waveguide is possible due to Bragg reflections induced by the nanoparticle 
grating which will be further discussed in section 4.2.3. The most striking observation made by 
Linden et al. [16] was that the plasmon resonance can be selectively suppressed due the 
presence of the waveguide (Figure 2-7a). Narrow dips were observed in the far-field spectra 
which they attributed to waveguide resonances. In this small wavelength range the fields 
between the transmitted and diffracted wavefronts are 180° out of phase [88] so that the total 
electric field vanishes and no electric force acts on the free electrons of the gold spheres (cf. 
section 4.2.3). Hence the localised surface plasmon mode is suppressed [16, 89]. The waveguide 
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resonance condition can be tuned, for instance by changing the angle of incidence and the 
grating period. When Linden et al. [16] varied the angle of incidence they observed a 'cross-like' 
shape in the spectral resonance positions (Figure 2-7) showing that the excitation of waveguide 
resonances must be linked to a grating coupling process (cf. section 4.2.3). 
It is apparent that the far-field spectra of the 2D subwavelength metal grating structures 
investigated by Auguie et al. (Figure 2-6) and Linden et al. (Figure 2-7a) look rather similar. In 
both cases dips are observed even though in Auguie et al.'s study only the grating is present, and 
no waveguide layer. So far it has not been clearly established experimentally how much an 
underlying waveguide resonance alters the far-field extinction cross section spectra of 2D 
subwavelength metal grating structures. This issue will be addressed in section 6.2.4 of this 
thesis. 
In Linden et al.'s work [16] the waveguide resonance appears as a 'double-dip' (Figure 2-7a). 
Indeed double dips have been also observed by other work groups on 2D grating structures with 
[89] and without an ITO waveguiding layer [26]. Interestingly these 'double' features were not 
observed in the far-field spectra of 1D grating structures [23] which suggests that their 
occurrence is not caused by a 'waveguide-plasmon' interaction but might be linked to the 2D 
nature of the grating. Linden et al. [16] investigated 2D metal grating structures similar to the 
ones that are subject of this thesis, and suggested that the appearance of double dips is caused 
by the interaction of repulsive interacting waveguide modes propagating in the +z and -z-
direction. Linden et al. [16] stated that two standing waves are present in the ITO layer, with 
nodes and anti-nodes under the particles respectively. This would result in an energy difference 
for the waveguide coupling as the fields of the two standing waves would overlap differently with 
the gold particles. Following purely this argument one would expect that the 'double-dip' feature 
would also be observed with 1D gratings, however, as pointed out above, there are experimental 
studies on these type of gratings that show only one dip [23]. 
In 2009 Yannopapas et al. [89] published an article on similar grating structures as in Linden's et 
al.'s paper [16], and provided an argument in line with Linden et al.'s work. Yannopapas et al. 
stated that the rectangular lattice on top of a waveguide layer lifts the degeneracy of two 
waveguide modes propagating in +z and -z-direction, and that each mode appears at two 
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different frequencies. The low-frequency mode can be coupled to with propagating light via the 
grating arrangement which means the mode is a virtual bound state. The high-frequency mode is 
a bound state and would usually not couple to normally incident light. However, as the 
Yannopapas et al. [89] pointed out, for oblique incident light the restrictions for the high 
frequency mode are relaxed and the light can couple to the second mode. It is said that the 
coupling would also occur when the deviation from normal incidence are infinitely small. In an 
experiment it has to be expected that some deviation from a perfect plane wave will occur. 
Hence double dip features in the far-field spectra are observed [89]. 
In 2008 Auguie and co-workers [26] observed double dip features in extinction cross section 
spectra of 2D subwavelength metallic gratings even when no waveguiding layer was present. 
However in a later paper [18] the authors explained the observation of double dips on similar 
structures stating that the incident light was slightly off-angle. Therefore it has not been clearly 
established whether the underlying waveguide layer is essential for the occurrence of 'double-
dip' features. In this thesis we also observe 'double-dip' features for the waveguide resonance in 
the far-field spectra of 2D subwavelength metal gratings supported on a waveguiding layer. In 
section 6.2.5 we investigate the gratings' dispersion for clues that either support or dismiss 
Yannopapas et al. [89] argument. 
2.4 Plasmon and waveguide interaction 
Interactions between plasmon and waveguide modes are known and have for instance been 
exploited in plasmon waveguide-resonance spectroscopy, a method used in pharmacology which 
is based on detecting SPP waves in a prism setup [90, 91]. Here a thin metal film and a thick 
dielectric are deposited onto the prism which leads to the presence of SPP and waveguide 
modes. The consequence of the presence of the waveguide is a narrowing of the resonance lines 
and an amplification of the evanescent fields, greatly enhancing signal to noise. Also a better 
sensitivity and good spectral resolution are achieved due to the coupling between SPP plasmon 
and waveguide modes [90]. 
There have been few experiments however that directly confirm coupling of waveguide and 
localised plasmon resonances. Christ et al. [24] performed far-field extinction spectroscopy on a 
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1D gold gratings deposited on ITO. In Figure 2-8 a schematic of the grating (a) and a SEM image 
(b) are shown. The spectra of two types of gratings were compared. One grating comprised a 
thick ITO layer which supports the formation of a waveguide (Figure 2-8c), the other grating only 
had a thin ITO layer so that the formation of a waveguide was not possible (Figure 2-8d). 
Figure 2-8: a) Schematic of 1D grating consisting of gold stripes on top of an ITO layer. b) Corresponding SEM 
image c) Extinction spectra of structure with 140nm ITO layer and d) Extinction spectra of 
structure with 15nm ITO layer. The solid lines show spectra obtained with TM-polarised light and 
the dashed lines spectra obtained with TE-polarised light. Data from reference [24]. The red dots 
highlight the positions that Christ et al. extracted for supporting their 'strong-coupling' 
argument. 
In both cases Christ et at. [24] identified a broad peak that could be attributed to the particle 
plasmon resonance of the gold stripes when the incident light was p-polarised light. As expected 
this peak disappeared for s-polarisation [23, 29]. The structure with the thick ITO layer exhibited 
additional peaks for p and s-polarisation that were associated with the formation of a waveguide 
in the ITO layer. The peak is not visible in the spectra of the structure with the thin ITO layer. 
Christ et al. [24] stated that strong coupling between plasmon and waveguide resonance in their 
2D metal gratings occurred, and proclaimed the existence of an energy gap between the coupled 
modes. 
During their investigation Christ et al. [24] claimed that generally the maxima rather than the 
minima in the extinction spectra correspond to resonance modes, and as an example we have 
highlighted the positions that they used for their investigations with a red dot in Figure 2-8c. It 
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has also been shown in other work that a sharp peak in the extinction spectra is to be expected if 
the waveguide resonance appears spectrally far enough from plasmon resonances or if a 
plasmon resonance is not present in the first place [23]. Still, as will be demonstrated 
experimentally in this thesis, enabling coupling to waveguide modes can also lead to troughs in 
the extinction spectra if there is a spectral overlap with plasmonic modes of subwavelength 
metal structures [89]. Therefore the shape of the minima in the extinction cross section spectra 
cannot be completely dismissed when talking about coupling between plasmon and waveguide 
resonances. However Christ et al. based their argumentation of strong coupling between the two 
resonances on extracting solely the maxima in their extinction spectra. The author's introduced a 
model to reproduce their data but it should be mentioned that the calculation required a 
significant number of fitting parameters (6). It has to be questioned whether concentrating solely 
on the maxima in the spectra to proclaim a waveguide-plasmon energy gap is the right approach. 
Nevertheless, Christ et al.'s [24] results, in line with Linden's work [16] (Figure 2-7), have shown 
that the presence of the waveguide resonance alters the plasmon peak shape, and their results 
suggest that weak coupling between the plasmon and waveguide resonance occurs. For their 
investigation Christ et al. [24] compared two different samples but ideally the impact of the 
waveguide resonance on the plasmon peak shape would be demonstrated on the same grating. 
In section 6.2.4 of this thesis we show experimentally on the same sample how waveguide 
resonances alter the plasmon peak shape by basically switching the coupling to the waveguide 
resonance 'off. We demonstrate in sections 7.2.1 and 7.2.2 how the peak shape alterations 
induced by waveguide resonances could potentially be used in sensing applications. 
2.5 Localised surface plasmons for detecting refractive indices 
Nanoparticles and nanoparticle arrays have been widely studied for sensing applications, in 
particular for sensing biological samples [9, 11, 12, 92]. We have already established that the 
localised surface plasmon resonance of nanoparticles is strongly influenced by the composition, 
shape, size and surrounding dielectric environment (cf. section 2.2.2). It is the latter factor which 
is exploited in nanoparticle LSPR sensors. Changes in the surrounding dielectric environment 
affect the resonance condition, and induce spectral shifts of the plasmon peak (cf. Figure 2-4b). 
The evanescent field of LSPR is closely confined to the surface with penetration depths into the 
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dielectric being typically a few ten nanometers [93-95]. This characteristic is particular interesting 
for biosensing as it leads to a high surface sensitivity. Thus metal nanoparticles have been used to 
detect tiny changes close to the particle surface [96], pushing sensitivities towards the single 
molecule detection limit [11]. On the contrary conventional SPP sensors have typical field 
penetration lengths of a few hundred nanometers into the dielectric [30, 95], which is why they 
show a better sensitivity to dielectric changes of bulk material. In conventional SPP prism sensors 
the sensitivity towards bulk refractive index changes is roughly one order of magnitude larger 
compared to LSPR sensors [95]. However coupling light to SPP is only possible when the phase 
matching condition is met, e.g. by prism coupling (cf. section 2.2.1). LSPR on the other hand can 
be excited with light at normal incidence [3]. Therefore LSPR based sensing system offers the 
possibility of miniaturization because the required equipment is usually less bulky than 
conventional SPP prism sensors [12, 15]. 
In this thesis we concentrate our investigations on a specific set of 2D subwavelength metal 
particle gratings, and we assess how suitable these structures are for sensing the refractive 
indices of thin polymer top layers. The sensing mechanism here comprises measuring far-field 
extinction cross section spectra before and after the polymer deposition, and detecting a shift of 
the localised plasmon resonance peak. Arranging identical metal particles in a regular ensemble 
offers the possibility to use straight-forward far-field extinction spectroscopy. In contrast to a 
single particle sensor the detection technique does not need to be particularly sensitive for a 
sufficiently large grating. Furthermore LSPR and grating effects can be combined which might 
improve the selectivity and contrast in a plasmonic sensing device [17]. 
To evaluate the quality of plasmonic sensors different approaches have been reported. Usually 
the plasmon peak shift in response to the refractive index change is looked at and the sensitivity 
factor m is used as a comparable parameter [48]. A high sensitivity is usually preferred in LSPR 
sensing applications. However it has also been argued that not the sensitivity alone is important 
but that also sharp spectral features are desirable in order to achieve a good contrast. Sherry et 
al. [97] have introduced a 'figure of merit' (FOM) that takes the width of the spectral feature into 
consideration (equation (2.6)). 
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FOM = FWHM(eV) 
	 (2.6) 
Here the sensitivity factor m is given in eV and FWHM is the full width half maximum of the 
spectral feature in eV. If plasmonic sensors are based on the same principle so that a significant 
change in the line shape of the spectral feature is not expected then looking at the sensitivity 
alone is sufficient to compare the sensor performance. On the other hand one might also like to 
compare sensors that are based on different sensing principles or differ in their fundamental 
design. Here a significant change in the line shape of the spectral features might be expected and 
looking at the FOM is important. Often the sensitivity m and the figure of merit are given as a set 
[11]. 
2.5.1 Impact of metal particle shape on refractive index sensing applications 
It has been pointed out previously that for asymmetric subwavelength metal particles the 
plasmon resonance position depends on the polarisation of the incident light [79, 81, 82]. It is 
also well known that refractive index increases of the surrounding medium usually red shifts the 
plasmon resonance peak of gold (cf. Figure 2-4b) and silver particles. How does the sensitivity of 
a plasmonic sensor depend on the particle shape? Haynes et al. [48] have performed extinction 
spectroscopy on silver nanoparticles in different solvents. They reported that the sensitivity 
towards refractive index changes increased with larger aspect ratio of the nanoparticles (Figure 
2-9). 
Later, in 2003, Mock et al. [98] pointed out a large deviation of the plasmon resonance shift for 
differently sized silver particles, even though the same dielectric material had been deposited on 
top. Miller et al. [99] predicted theoretically for single component nanoparticles less than 130nm 
in size that the sensitivity towards refractive index changes would not depend on the particle 
shape. The scientists had performed their discrete dipole approximation simulations with 
homogeneous dielectric surroundings, and claimed that the initial spectral position of the 
plasmon resonance is important for determining the sensor sensitivity. At a first glance Miller et 
al.'s results seem to contradict Mock et al.'s experimental findings but Mock et al.'s silver 
particles were embedded in inhomogeneous surroundings and the initial plasmon peak position 
m(eV RIU-1) 
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differed for each particle. Murray et al. [94] performed experiments on rod-shaped and disk-
shaped nanoparticles in inhomogeneous surroundings and found that a rod-shaped gold 
nanoparticle reacted more sensitively to a refractive index increase in the local environment than 
a disk-shaped gold nanoparticle. The authors have pointed out that the field decay length into 
the superstrate is similar for rod and disk with the same initial LSPR position. They highlighted 
that the difference in surface area might be responsible for the sensitivity difference. 
100 
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O: Aspect Ratio 2.17 
13: Aspect Ratio 1.64 
BD 
	0: Ellipsoidal 2.14 
Figure 2-9: Peak shift of localised surface plasmon resonance upon emergence into different solvents 
(Acetone, Methylene Chloride, Cyclohexane, Pyridine) measured on periodic particle arrays each 
comprising particles with a certain aspect ratio. (Array emerged in Nitrogen served as reference.) 
The aspect ratios were 3.32, 2.17, and 1.64 (all unannealed) and 2.14 (annealed). Graph from 
reference [48]. 
In section 7.1.5 of this thesis we will examine the effect of the initial LSPR resonance position on 
the sensor sensitivity by performing far-field spectroscopy on the same structure only changing 
the incident polarisation onto gratings comprising asymmetric metal particles. This way the metal 
surface area adjacent to the superstrate is kept constant unlike in previous investigations were 
studies were performed on differently shaped particles [48, 94, 98]. 
2.5.2 Subwavelength metal gratings in refractive index sensing applications 
Coherent interactions between subwavlength metal particles arranged in grating geometry can 
lead to narrow plasmon lineshapes in the far-field spectrum [17, 20, 21, 26]. It would be 
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beneficial if these sharp features could be incorporated into plasmonic sensors that detect 
refractive index changes, for instance to improve the selectivity or contrast of the devices. 
Henzie et al. [61] demonstrated high figure of merits with one type of periodic metal grating, Au 
nanohole arrays. Transmission spectroscopy on these structures revealed peaks that could be 
associated to SPP-Bloch waves, some of the peaks were split by Wood anomalies so that narrow 
features were created. Wood anomalies are rapid variations of intensity in the spectrum of light 
resolved by an optical diffraction grating [100]. They are caused by the excitation of resonances 
that are related to guided complex waves supported by the grating [101]. Wood anomalies need 
to be distinguished from Rayleigh anomalies. The latter occurs at the diffraction edge where 
diffracted beam becomes grazing to the plane of the grating giving rise to a sharp bright band 
[101, 102]. Henzie et al. [61] immersed their arrays in oils with different refractive indices and 
tracked the spectral shifts of the SPP-Bloch peaks. A sensitivity factor m of 286 nm RIU and a 
Figure of Merit of 4.1 was achieved for an infinite Au hole array. The corresponding spectra are 
presented in Figure 2-10. The values measured for patches of Au hole arrays were even better, 
with m being 313 nm R11.11 and a FOM of 23.3. 
Figure 2-10: 	Zero-order transmission of infinite Au hole arrays on glass in the presence of high-index 
immersion liquids (n=1.5-1.7). Graph from reference [61]. 
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Zou et a/. [17] suggested that the sharp plasmon features arising from coherent interactions 
between metal particles in a grating arrangement might also be useful for plasmonic sensors that 
detect a shift of the resonance peak. They stated that the ratio between the feature width and 
magnitude of shift could perhaps be improved leading to a better sensitivity. In section 7.1.1 we 
compare the response of grating induced features towards refractive index changes in the 
surrounding medium with the response of the localised plasmon resonance, and discuss the 
implications of our findings for sensing applications. 
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3 Experimental techniques and microscopy 
The experimental part of this work focuses on investigating the optical far-field response of a set 
of subwavelength metal gratings. In section 3.1 we describe the experimental setup, and we 
introduce the subwavelength metal gratings in section 3.2. We want to analyse the dispersive 
behaviour of the gratings' spectral far-field features, which means varying the sample 
orientation, polarisation and angle of incidence in the measurements. In section 3.3 we define 
the coordinate systems that we use to adjust these parameters. As the spectral features in the 
gratings' far-field response are expected to depend sensitively on the sample geometry (cf. 
chapter 2) it is vital to cross-link the spectra to structural information obtained from microscope 
techniques. In section 3.4 we outline how the samples have been characterised with scanning 
electron microscopy (SEM) and atomic force microscopy (AFM). 
3.1 Experimental setup 
The setup used for the transmission measurements is shown in Figure 3-1 and was based on a 
design used originally at University College London to perform photocurrent and scattering 
properties of p-i-n microcavity structures at 1.5 gm [103]. It was re-assembled and modified at 
Imperial College London. For our studies a monochromator grating was chosen that is more 
suitable for the visible spectrum. A new lock-in-amplifier (Signal Recovery, model 7265) had been 
included to the system, and a LabView software was written to control the experiments. 
The transmission setup is sketched in Figure 3-1. A Bentham M300 monochromator, which has a 
wavelength resolution of 1 nm, receives a chopped light signal from a 100W quartz-halogen lamp 
(111., Bentham) light source and releases light of the wavelength chosen. The input slit of the 
monochromator is opened to 800gm and at the output the light passes a 800p.m pinhole. For all 
our experiments the beam is linearly polarised with a Glan-Thompson polarising prism (Melles 
Griot, 03PTH001). Subsequently the light passes a telescopic lens arrangement, and is finally 
directed towards a microscope objective which focuses the beam onto the sample. The half angle 
of the light cone focussing onto the sample is kept below 10°. The incoming wave onto the 
sample can therefore be approximated as a plane wave. The telescopic arrangement allows the 
spot size to be varied, unless stated otherwise the spot diameter on the sample is —800Rm. The 
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beam gets partly reflected by the sample, passes a beam splitter and creates an image of the 
sample in CCTV digital camera (eo Edmund optics, eo-1312C) that is displayed on a monitor. This 
way the spot position on the sample can be monitored and adjusted using a translation stage in 
the sample holder (e.g. [1041). Before starting the transmission measurement the beam splitter 
will be removed from the setup. The transmitted light is collected by a converging lens and 
focussed on a silicon detector. In order to obtain a better signal-to-noise ratio the detector 
output is connected to a lock-in amplifier. The instrument multiplies the detector signal and the 
chopper reference signal which have a fixed phase to each other in a demodulator. The mean 
level of the desired signal increases. The background noise however is not amplified as it has no 
fixed frequency or phase relationship to the reference. The end result is a smoother data set. 
Figure 3-1: 	a) Schematic of experimental setup. The red arrows illustrate the simplified path of the light 
beam. b) Indication of adjustable rotation angles in accordance with Figure a. 
The advantage of this setup, compared to available commercial systems, is that the optical 
components are easily accessible offering freedom to adjust experimental parameters (e.g. spot 
position). In the setup (Figure 3-la) the digital camera can be replaced with a second silicon 
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detector and the reflected signal from the sample can measured, examples of which are shown 
later (e.g. Figure 4-10). 
For the work in this thesis a rotation stage was integrated into the existing system which allows 
transmission spectra to be recorded with varying grating angle. Hence the way light is incident 
onto the sample can be modified in three different ways using this setup: i) the polariser can be 
turned around the optical axis ii) the sample itself can be rotated around the optical axis iii) and 
the incident grating angle can be varied by moving the sample on the rotation stage. All three 
possibilities have been indicated in Figure 3.1b showing the angles i) a ii) (3 and iii) y respectively. 
At a first glance varying the grating angle y effectively changes the angle of incidence, but in our 
setup the optical axis remains fixed. This distinction will become important in section 6.2, where 
we investigate the interaction between plasmon and waveguide resonances. A more precise 
definition of the rotation angles will follow in section 3.3 of this chapter. Before this we introduce 
the grating structures investigated in this thesis. 
Figure 3-2: 
	a) Schematic of investigated grating structures. The parameters are denoted as follows: a short 
particle axis, b long particle axis, Aa grating constant parallel to short particle axis, Ab grating 
constant parallel to long particle axis. b) SEM image showing a typical top view of the 
investigated grating structures. 
The subwavelength metal gratings investigated in this thesis were designed at Imperial College 
London and fabricated by the "The Centre for Integrated Photonics" (CIP), Ipswich, United 
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Kingdom. They are schematically shown in Figure 3-2a. The samples consist of a (7x7x0.5) mm3 
quartz glass as substrate followed by a 100nm thick ITO layer, and the subwavelength metal discs 
are arranged in a 2-dimensional (20) square lattice grating geometry (Figure 3-1). 
The ITO coated quartz wafers were spun with a resist and then exposed by means of electron 
beam lithography. The resist was developed and then gold coated. The metal on the remaining 
resist areas has been lifted off. The nominal height of each metal disc is 30nm, comprising lOnm 
of Ti and 20nm of Au. The Ti acts as a wetting layer and makes the Au stick on the ITO surface. 
The adhesion of gold is a common problem and hence substrates often need to be pre-treated 
[e.g. [105] and references within]. Titanium was chosen because it is highly resilient to the 
complex e-beam lithography fabrication process [106]. The metal discs are situated in the middle 
of each ITO substrate with an overall grating dimension of (2x2) mm2. For each sample the 
parameter that was varied is the grating constant A with nominal values of 260nm, 380nm and 
420nm respectively. The disc shape can be approximately described as ellipsoidal prisms with 
disc diameters in the order of —120nm. We later show how to determine the grating constant 
and particle size more accurately from SEM images (cf. sections 3.4.1 and 3.4.2). For the moment 
we assume that the grating constants are Aa=Ab=A in a square lattice. A SEM image showing a 
typical top view of the investigated gratings is presented in Figure 3-2b. Throughout we will label 
gratings such as shown Figure 3-2a as 2D gratings referring to their nature in the y-z plane only. 
The decision was made because the x-direction plays no important role in the fundamental 
understanding of grating induced effects in the optical far-field response. 
3.3 Definition of coordinate systems 
Due to a number of adjustable configurations in the set up we clarify and introduce the 
coordinate systems used throughout this thesis. We will define one coordinate system that is 
fixed with grating parameters and a second coordinate system to denote the outside space, 
which is mainly used to describe the incident light onto the sample. Of particular interest are the 
adjustable rotation angles (as indicated in Figure 3-1b). The definitions for s- and p-polarised light 
are also clarified. 
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Figure 3-3 illustrates the definition of the two coordinate systems. The coordinates (x,y,z) are 
fixed with the grating where the z-axis always lies in plane within the ITO layer. The point of 
origin coincides with half of the ITO thickness. The second coordinate system (u,v,w) does not 
depend on the sample position but is fixed with the optical axis of the setup defined as being 
parallel to u. The rotation angle 7 denotes the incident grating angle onto the sample, and will be 
defined such that it is zero for normal incidence (see Figure 3-3). The maximum angle y that can 
be achieved with the experimental setup introduced in section 3.1 is ±25°, and was limited by the 
mount used. 
Figure 3-3: 	Definition of coordinate systems. The optical axis is defined as in Figure 3-1b). The crossing point 
of the dotted lines defines the origin of both coordinate systems. 
The angle a denotes the rotation of the polariser. If the polarisation vector is orientated parallel 
to the coordinate axis v angle a is defined as zero, if the orientation is parallel to coordinate axis 
w angle a is defined as 90°. The polariser is used to select a certain direction for the electric field 
vector E of the incident light. Figure 3-4 shows the corresponding illustration. We denote the 
incoming light as linearly s-polarised when a=0° and as linearly p-polarised when a=90°. 
       
   
• • • 
	1-Th: : 4:  i  
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Metal 
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Figure 3-4 	Definition of angle a that denotes the rotation of the polariser. 
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The angle p describes the rotation of the sample around the optical axis (Figure 3-1b). Now the y-
z plane that is fixed within the sample rotates in relation to the v-w plane of the outside space. 
The y-coordinate is kept fixed parallel to the short particle coordinate a. For the definition of the 
angle a it is approximated that the particles are elliptical prisms with the short axis perfectly 
parallel to the grating edge. The definition will be kept regardless of any particle shape variations 
in the real experiment. The sample rotation is visualised in Figure 3-5 (grating angle 7,---0°). For 
normal incidence the spectra should be the identical when the polariser (angle a in Figure 3-4) is 
rotated and when the sample is rotated around the optical axis (angle (3 in Figure 3-5) by the 
same angle. 
V 
Figure 3-5: 	Definition of rotation angle 13 that denotes the rotation of the sample around the optical axis (for 
Y=O'). 
3.4 Investigation of geometric grating parameters 
The gratings' far-field response provides a 'signature' of the light-matter interaction, and it is 
expected that the plasmon and waveguide fields depend sensitively on the sample geometry (cf. 
sections 2.2-2.4). A detailed analysis on how the lattice periods and particle dimensions vary from 
the nominal values is therefore clearly needed to link geometry and optical spectra. The 
investigation was performed on one 'non-diffractive' grating and one 'diffractive' grating, and 
then used to estimate the error bars for the geometrical size parameters. 
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3.4.1 	Periodicity 
In Figure 3-6 SEM images of one 'non-diffractive' and one 'diffractive' grating are shown. The 
nominal sample specifications stated that the grating is arranged in a square lattice with a 
nominal grating constant of A=260nm and 420nm respectively. In order to check these nominal 
values the signal intensities of lines across the image have been extracted. In Figure the letters 
'A'-'D' label the horizontal lines which are parallel to the y-axis and `E' to 'H' the vertical lines 
which lie parallel to the z-axis (Figure 3-5). 
Figure 3-6: 
Figure 3-7: 
SEM images of a 'non-diffractive' (left) and a 'diffractive' grating (right). The nominal value for 
the grating constant is A=260nm and A=420nm respectively. The letters 'A' to 'G' indicate where 
the signal intensity has been extracted for the analysis below. 
Analysis of the periodicity for 'non-diffractive' grating. Signal intensities for horizontal (a) and 
vertical (b) lines in Figure 3-6a. c) FFT-Power spectrum for line A and line H. d) Grating period 
extracted from FFT power spectra for all indicated lines. 
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Figure 3-8: 
	
Analysis of the periodicity for 'diffractive' grating. Signal intensities for horizontal (a) and vertical 
(b) lines in Figure 3-6b. c) FFT-Power spectrum for line A and line H. d) Grating period extracted 
from FFT power spectra for all indicated lines. 
In Figure 3-7 and Figure 3-8 we highlight how the grating period for the 'non-diffractive' and 
'diffractive' grating have been extracted from the signal intensity spectra. The signal intensities of 
several horizontal and vertical lines have been obtained from the SEM images. A Fast Fourier 
transform algorithm in `Matlab' has been applied to yield the corresponding FFT power spectrum 
clearly showing peaks from the grating period. The grating periods obtained from the peak 
maxima in the FFT power spectrum are plotted in Figure 3-7d and Figure 3-8d. We find in both 
cases the grating periods lie with ±5nm of the nominal value. In the case of the 'diffractive 
grating' Figure 3-6b shows that the grating is differs slightly from a perfect square lattice. The 
particles on the right hand sight of the image are slightly lower compared the horizontal line than 
the ones on the left. The slight offset could be caused by drift in the e-beam writing process 
[107]. When analysing the optical spectra this should be kept in mind. 
3.4.2 'In-plane' particle dimensions 
In this part of the chapter we will investigate the 'in-plane' dimensions of the subwavelength 
metal particles. As 'in-plane' we label the particle dimensions parallel to the y-z-plane as defined 
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in Figure 3-3 and Figure 3-5. The original basic characterisation by CIP had labelled the particle 
size for the 'non-diffractive' grating in Figure 3-6a as 'large' (-120nm diameter) and the particle 
size for the 'diffractive grating' in Figure 3-6b as 'small' (-105nm diameter). In the following study 
we further investigate the particle size distribution in the studied gratings. 
Particle axis (nm) Particle axis (nm) 
Figure 3-9: 
	
Distribution of the 'in-plane' main metal particle axes (columns). a) 51 particles were used for the 
'non-diffractive' grating in Figure 3-6a. b) 32 particles were used for the 'diffractive' grating in 
Figure 3-6b. The data were fitted with Gauss functions (black curves). 
The SEM images in Figure 3-6 clearly show that in that different metal particles on the same 
grating can show some variations in their particle shape. We usually use a light spot with a 
diameter of —800p.m which captures around 106 particles. The optical far field spectra will record 
the combined effect of all these particles. It was decided to perform a statistical analysis on a 
fraction of the particles to account for particle variations. This is appropriate as we will show in 
section 4.4 where we discuss extinction cross section spectra measured with different spot sizes. 
The columns in Figure 3-9 show the distribution of the 'in-plane' main particle axes for the 'non-
diffractive' grating pictured in Figure 3-6a and the 'diffractive' grating in Figure 3-6b. The labels 
'short axis' and 'long axis' correspond to the axes 'a' and 'b' in Figure 3-2, and the analysis is 
based on 51 measured particles for the 'non-diffractive' sample while for the 'diffractive' grating 
32 particles have been investigated. SEM images with 70000x magnification were used to extract 
the data. Several images from different locations on the sample were taken. Before use the SEM 
was calibrated using a 'tin on carbon' specimen to minimise errors, e.g. from astigmatism. 
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Figure 3-9 suggests that there is a statistical spread of the axes dimensions around a mean value, 
so it was decided to fit the data with a Gauss function (black curves in Figure 3-9). As expected, if 
a larger particle number is investigated a better Gauss fit is achieved. However only a certain 
number of SEM images per sample could be taken due to time constraints for using the SEM 
equipment. Still the statistical analysis gives much better parameters for the axes dimensions 
then simply relying on nominal values. The extracted numbers for the mean value 12 for each 
particle axis and the corresponding standard deviation a can be found in Table 3-1. The latter has 
been calculated according to equation (3.1), where s is the sample standard deviation, n the 
number of considered particles, and xi  denotes a measured particle axis. Statistically it can be 
expected that 68.3% of the particle dimensions lie within µ ± a. 
Et ± a 'Non-diffractive' grating (nm) 'Diffractive' grating (nm) 
Short particle axis a 115±3.2 104.6±4.5 
Long particle axis b 142.6±3.9 132.7±3.9 
Table 3-1: The calculated mean value µ and the standard deviation a of the main metal particle axes for the 
'non-diffractive' grating shown In Figure 3-6a and the 'diffractive' grating shown in Figure 3-6b. 
    
a S = 
(3.1) 
The analysis illustrates that it is appropriate to consider an error of ±5nm for the main particle 
axis. Approximately 70% of illuminated particles will have main particle axes whose dimensions 
fall within these error bars and it can be expected that those particles will dominate the optical 
far-field spectra. 
The aspect ratio (=b/a) for each individual measured particle has also been calculated and 
displayed with the corresponding normal distributions for the samples in Figure 3-10. The data 
are compared to the aspect ratio that was calculated from the mean values for a and b (Table 
3-1) which is indicated with a blue dashed line. We find that for both gratings the positions of the 
peak maxima of the normal distribution for individually calculated aspect ratios coincides with 
the aspect calculated from the mean values of both axes. 
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Figure 3-10: Normal distribution of the aspect ratio calculated for each measured particle (black line) 
compared to the aspect ratio (dashed blue line) calculated from the mean values for particle axes 
a and b (Table 3-1). a) for 'non-diffractive' grating (Figure 3-6a) and 'b) for diffractive' grating 
(Figure 3-6b). 
Taking all of these results we consider it suitable to approximate the surface shape of the metal 
particles as an ellipse with the main axes amean and brne„, where the values for the axis form the 
average from a statistically meaningful number of measured subwavelength metal particles from 
SEM images. This procedure will be followed within this thesis whenever it is thought that a 
detailed knowledge of the particle dimensions is relevant for the data analysis. 
3.4.3 Metal thickness 
The subwavelength metal particles comprise a gold layer and a titanium wetting layer (Figure 
3-2). Nominal layer thicknesses were given by CIP as 10nm for the titanium layer and 20nm for 
the gold. As no reference samples were provided the individual layer thicknesses for each metal 
could not be verified. However the magnitude of the overall metal particle thickness could be 
checked by means of an atomic force microscope (AFM). 
In Figure 3-11 a comparison between the AFM and SEM technique is shown. The images in Figure 
3-11a and b have been taken on the same 'non-diffractive' grating (nominal A=260nm). To obtain 
the picture in Figure 3-11a the atomic force microscope was operated in 'contact mode' using a 
silicon tip with a nominal radius <10nm. Images obtained with atomic force microscopy are 
always a convolution of the shape of the features being imaged and the probe geometry. Even 
though the chosen tip radius was small it still had to be expected that the features look bigger 
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than anticipated. When comparing Figure 3-11c and d it is apparent that the convolution of the 
tip has a large effect in the AFM image as the feature sizes appear much bigger compared to the 
SEM image. It was also noticed that with the AFM the measured feature sizes could not be 
reproduced when the scanning direction of the tip was rotated by 90° (not shown), unlike when 
changing the scanning direction with the scanning electron microscope. Therefore SEM seems to 
be the more reliable method to assess the 'in-plane' particle dimensions. However, once 
calibrated, the AFM should provide a good value for the height of a measured feature. The lateral 
direction (height) of the AFM had been calibrated by an external company who services the 
machine. 
a) b) 
170nm 
c) 	
100 
— 50 
E 
C 
O 300 	600 	900 	1200 
Distance (nm) 
v 	1‘11 
ow* 	0,644 h#440 WO. 
5nn, 
O 300 	600 	000 	1200 	1500 
O 300 	600 	900 	1200 
Distance (nm) 
Figure 3-11: 
	Comparison of AFM images with SEM images taken on the same 'non-diffractive' grating. a) AFM 
image. b) SEM image. c) Line profile for the AFM image in 'a'. d) Line profile for the SEM image in 
'b'. The colours 'red' and 'blue' indicate which line profile matches the lines in the images 'a' and 
'b'. 
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Figure 3-12: 	a) AFM image and horizontal trace (dotted line) to extract the height of the particles. b) Trace 
(black) with baseline correction (red line). 
When taking an AFM image, variations in the baseline height from scan to scan in one image can 
occur [108]. We can see this effect in Figure 3-11c. To reduce errors arising from baseline 
variations it was decided to extract the particle height from a horizontal line as this corresponds 
to the scanning direction (rather than going along the lattice). In Figure 3-12 such a horizontal 
trace is shown. The trace exhibits overshoots at the particle edges which is a common problem 
when using the AFM technique and usually results in an artificial increase of the height value 
[108]. To overcome this we used the level of the ITO layer as the baseline, and extracted a 
particle height of 34nm. The error for the particle height is ±4nm as the ITO itself has a roughness 
of ±2nm and the top of the metal particles is not flat showing variations of ±2nm at places. The 
AFM measurements confirmed that the nominal value for the overall metal thickness, 30nm, is in 
the right order of magnitude. Keeping in mind that the exact layer thicknesses for titanium and 
gold could not be verified due to a lack of available reference samples, we use the nominal values 
of 10nm titanium and 20nm Au for calculations in this thesis. In section 5.3.3 we will show that 
the presence of a titanium wetting layer can quench, broaden and shift the plasmon resonance in 
the far-field spectrum. 
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4 Far-field extinction cross section spectra 
To date a large number of studies about localised plasmon resonances on subwavelength metal 
particles have made use of extinction spectra [12, 16, 18, 19, 21, 26, 109, 110]. Also in this thesis 
a big part is based on the detailed analysis of far-field extinction cross section spectra measured 
on the grating structures described in section 3.2. In the section 4.1 we present a typical 
spectrum measured on these samples and will define a nomenclature for the gratings based on 
the spectral features. In section 4.2 we introduce concepts that are important for understanding 
the underlying physics of the spectra. Then we address the question in section 4.3 how 
reflectivity, transmission and absorption plus scattering spectra relate to one another and how 
much extinction cross section spectra represent spectral features of these individual 
contributions. In section 4.4 we present far-field extinction cross section spectra taken with 
different spot sizes, and will extract information on how representative the illumination of a 
small grating section is for the interaction of light with a larger sample area. Finally we 
investigate in section 4.5 how well the gratings' far-field extinction cross section spectra are 
reproduced after a sample cleaning process. A detailed analysis of how the spectral features 
respond to changes in the sample geometry, grating angle, polarisation and the optical 
environment will be subject of chapters 6 and 7. All the investigations and concepts presented in 
chapter 4 are necessary to provide a solid background for interpreting the extinction cross 
section spectra presented in these later chapters. 
To present our experimental spectra we mainly use extinction cross section as defined in 
equation (4.1) [19, 26]. 
I) 
I 
Ciex = A2(1 — TITO) = A2 (1 
grat
ITO 
(4.1) 
The parameter igrat denotes the light intensity that is transmitted through the grating and 
collected by the silicon detector in the transmission arrangement (Figure 3-1). The signal 111-0 is 
the reference signal obtained in an equivalent way but with the light spot focused on the planar 
ITO layer only. The ratio between sample and reference then gives the transmitted, collected 
signal through the sample with respect to the planar ITO, which is labelled Tim. It could be argued 
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that measuring the system response only (without any sample) would give the better reference 
as the optical response of the ITO layer cannot be separated completely from the grating system. 
However when the grating angle is changed, as shown in Figure 3-3, the amount of reflected light 
depends on the angle y, i.e. even as a simple planar surface [111]. Therefore a real interface is 
needed in the reference measurement to account for this effect. Ideally a glass substrate would 
be used. However that would mean to take the grating out of the sample holder and swap it with 
the glass slide for each measurement. Such a procedure is not very convenient and is likely to 
introduce differences in the alignment between sample and reference measurement. For these 
reasons the transmission through the ITO layer was used as a reference. 
A few comments need to be made to the term 'extinction' itself. In the context of light scattering 
by small particles extinction has been defined as the sum of absorption and scattering, or in other 
words 1 minus transmission (1-T) [1]. In literature different parameters linked to extinction can 
be found, for instance extinction cross section [1, 26] or extinction efficiency [72]. Generally a 
peak in any of these 'extinction' spectra can be associated with light that was scattered, reflected 
or absorbed by the investigated structure. A dip in the spectra means the light was transmitted. 
Care needs to be taken when comparing quantities linked to 'extinction' as in some publications 
extinction is defined as the ratio of incident light intensity over transmitted light intensity [21], 
which is sometimes presented on a logarithmic scale [16, 112]. Hence confusingly at least two 
definitions of 'extinction' have been proposed in literature. We will stick to the definition that 
extinction = 1-T, because it seems to be more established and provides a stronger link to 
scattering properties of small particles which forms one of the main subjects of this thesis. 
Attention should also be paid to the fact that separate fields apply different scaling for extinction 
cross section. Scientists with a background on single particle scattering tend to scale using the 
surface area of a sphere [1]. A substantial amount of single particle scattering theory is based on 
this definition [1], and we label this extinction cross section o-rx1'. (cf. equation (4.11)). On the 
other hand scientists working on grating structures tend to scale the extinction cross section 
using the size of a lattice unit cell [19, 26]. We use the label crex . These two approaches give 
similar quantities, even though the quantities cannot be directly compared. In both types of 
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extinction cross section spectra peaks can be associated with light that was scattered or 
absorbed by the structure. 
4.1 Typical spectrum and nomenclature 
In this section we briefly introduce the main features that typically appear in the extinction cross 
section spectra measured on the grating structures (cf. Figure 3-2). We will also institute a loose 
nomenclature for the subwavelength gratings according to the nature of the spectral features in 
the far-field response. 
0.00 	 
400 	600 	800 	1000 
Wavelength (nm) 
Figure 4-1: 	The extinction cross section spectra (a)°, 134° and y4:1°) measured on subwavelength metal 
gratings with three different grating periods: a) A=260nm, b) A=380nm. c) A=420nm. 
In Figure 4-1 the extinction cross section spectra for gratings with the three nominal grating 
periods A=260nm, A=380nm and A=420nm are presented. All spectra were taken with normal 
incidence. As the half angle of the collection cone is less than 23°, only the zero grating order (cf. 
section 4.2.2) is collected by the silicon detector. Figure 4-la shows the main features visible in 
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the extinction spectrum of the grating with the smallest period. The spectrum exhibits a broad 
extinction peak around —655nm and a dip at —430nm. 
The broad feature arises from dipolar plasmon oscillations in the subwavelength metal particles 
[1]. We refer to it as the 'plasmon resonance' or 'plasmon peak'. Concepts explaining the physics 
behind dipolar plasmon oscillations on metal particles will be presented in section 4.2.1. In the 
short wavelength region (e.g A 0 s 500nm in Figure 4-1a) the spectra show a rise of the baseline. 
It is well known that gold has interband transitions in the visible/near-uv spectral region [113] 
which contribute to the rise of the base line. In literature quadrupole modes have been observed 
for spherical gold particles with particle diameters larger than 100nm [73]. The spectral position 
of the quadrupole resonance is at shorter wavelength than the dipolar plasmon resonance, and is 
influenced by the effective refractive index of the surrounding medium [114]. The metal particle 
diameter (in y-z-plane) in the grating structures here is —120nm. Therefore a small effect of 
higher multipoles in the optical far-field spectra is expected [72]. 
The second spectral feature, the dip (at —430nm in Figure 4-1a), has previously been identified in 
literature as a result of destructive interference between the electromagnetic incident radiation 
from free space and the field of a waveguide mode inside the ITO layer [16, 89]. The coupling to 
the waveguide mode is made possible by the grating arrangement of the subwavelength metal 
particles (cf. section 4.2.3). These dips in the extinction cross section spectrum will be referred to 
as `waveguide resonance'. The spectral position of the waveguide resonance can be calculated 
according to equation (4.2), where where and and Id denote the grating order, neff  the effective 
refractive index of the waveguide and y is the angle of incidence. 
A 
Ao = 	(neff siny) 
\In6  -I- 6 
(4.2) 
We will derive this equation, called Bragg condition, in section 4.2.3. The red circles highlighted in 
Figure 4-1 originate from (1,0)-Bragg reflections. We see that with increasing grating period the 
waveguide resonance red shifts (Figure 4-1). For the smallest nominal grating constant 
(A=260nm) the waveguide resonance and the plasmon resonance are spectrally well separated, 
whereas for a period of A=420nm the waveguide resonance is red shifted and overlaps spectrally 
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with the broad plasmon feature. As a consequence the shape of the plasmon peak is significantly 
altered (Figure 4-1c). 
In chapters 6 and 7 we investigate in detail how the plasmon and waveguide resonance appear in 
the far-field spectra when the geometric grating parameters, the three rotation angles (cf. 
section 3.3) and the dielectric environment are changed. The question why the waveguide 
resonance appears as a double dip in Figure 4-1b and c will be further discussed in section 6.2.5. 
Here we define a nomenclature for the gratings based on the spectral positions of the grating 
induced waveguide resonance Xgrat and the plasmon feature X-- - 	(equations (4.3)). If drat  is 
larger or close to X. - -piasmon we label the grating 'diffractive', otherwise we call it 'non-diffractive'. 
Note, that the normal incidence configuration is used for defining the nomenclature, i.e. y=0°. 
A p iasmon non-diffractive Agrat neffA <  
Sample 
type no. 
Grating period 
A (nm) 
Grating type Label 
1 260 non-diffractive 'non-diffractive' 
2 380 diffractive 'diffractive (A=380nm)' 
3 420 diffractive 'diffractive' 
Table 4-1: 	Nomenclature for grating structures 
The gratings' labels are listed in Table 4-1. Most results presented in this thesis are on the 
gratings with A=260nm and A=420nm, which we refer to as 'non-diffractive' and 'diffractive' 
respectively. When we refer to the grating with A=380nm we use the label 'diffractive 
(A=380nm)'; stating the grating period explicitly. 
4.2 Concepts for interpreting the far-field spectra 
The grating's far-field response provides a signature of the light-matter interaction. However the 
structures studied in this thesis are complex because they comprise metal particles arranged in a 
square lattice and supported on a waveguide layer. Here we introduce concepts that explain the 
underlying physics of the gratings' interaction with light. In this section we will look at three 
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separate aspects of the light-matter interaction i) localised surface plasmon resonances of metal 
particles, ii) metal particles arranged in a grating geometry and iii) gratings on a waveguide layer. 
The concepts will help to better understand the far-field spectra presented in chapters 6 and 7. 
4.2.1 Localised surface plasmon resonances of metal particles 
The motion of electrons inside metal can be described over a wide frequency range by the 
dielectric function of the free electron gas. In this model it is approximated that freely mobile 
conduction electrons in a metal move all in phase against a fixed background of positive ion cores 
and that the band structure of the metal is incorporated in the effective mass of the electron [1-
3, 115]. The motion of the electron is described by equation (4.4), where me is the effective mass 
of the electron, r stands for the electron displacement and e is the charge of the electron. The 
first term on the left side of equation (4.4) originates from Newton's second law of motion stating 
that the acceleration of an object directly depends on the net force acting on an object and 
inversely upon the mass of the object. The term on the right side of equation (4.4) is the force on 
the electron due to the externally applied electric field. We state that E(co) = Eoe—i't, where co 
is the angular frequency and t time. The second term on the left of equation (4.4) describes the 
damping of the electron movement which is caused, for instance, by free electron inelastic 
collisions or phonon coupling. The parameter 5 is the corresponding damping constant. 
der 	dr 
me 
dt2 
+ me5—dt = eE 
	
(4.4) 
Solving equation (4.4) leads to the dielectric function of the free electron gas, which is also known 
as the Drude model of the optical response of metals [3] and is presented in equation (4.5). 
8(co) = 1 
CO 2 P (4.5) 
co2 +18co 
 
The parameter op is the plasma frequency, which can be recognized as the natural frequency of a 
free oscillation of the electron sea [3]. It is calculated from the electric permittivity in vacuum so, 
the electron charge e, the effective electron mass me and the electron density ne such as shown 
in equation (4.6). The permittivity 8(o) describes the response of the metal to the incident light. 
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cop = 
EOMe 
(4.6) 
So far we have discussed the motion of conduction electrons in bulk material. Now, let us 
consider the case of a nanoparticle. If the metal has the shape of a nanoparticle the movement of 
the electrons is spatially confined. The displacement of the electron cloud due to an applied 
electric field creates surface charges; positive where the cloud is lacking and negative where it is 
concentrated (Figure 4-2). 
Figure 4-2: 	Excitation of a dipolar localised surface plasmon resonance by the electric field of an incident 
light wave with a frequency f=1/T (after reference 121). 
This dipolar charge repartition imposes a new force on the electron cloud: a restoring force which 
conflicts with the external electric field [2, 115]. The motion of the electrons can now be 
described as in equation (4.7), where K is the spring constant. 
der 	dr 
m
edt2
+ m
e —dt
+ Kr = eE 
(4.7) 
Equation (4.7) is the Lorentz model describing a forced, damped harmonic oscillator [1]. The 
amplitude of the displacement reaches a maximum at co coo, where coo is the eigenfrequency 
of the system. At low frequencies the oscillator responds in phase with the driving force, whereas 
at high frequencies the two are 180° out of phase (cf. appendix A3). The Lorentz-model is a good 
initial approach to understand the physics of localised surface plasmon resonances. 
Another way of approaching the problem of localised surface plasmon resonances is calculating 
the polarisability a, of the nanoparticle. The polarisability of the particle describes the distortion 
of the charge distribution upon application of an applied field [62], and therefore ultimately 
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captures the light-particle interaction. An easy geometry to consider is a small metal sphere with 
a permittivity 8p(o)) situated in an isotropic host medium with the permittivity Eh. The applied 
field induces a dipole moment p inside the sphere of a magnitude proportional to 1E01 as shown 
in equation (4.8) [3]. 
p = EhEoapEo 
	 (4.8) 
If the metal particle is very small in comparison to the wavelength of light (typically <1%) then an 
electrostatic treatment is sufficient to determine the polarisability. One takes the zero-frequency 
limit in solving Maxwell's equations, which means solving the Laplace's equation for the 
potential, \72(1) = 0. Still the correct frequency-dependent dielectric function is used throughout, 
which is why this approach is called quasi-static approximation. The advantage of this method is 
that the Laplace's equation can be solved analytically for a number of particle shapes [72]. For a 
small metal particle sphere we arrive at equation (4.9) for the polarisability [1], where a is the 
radius of the sphere. 
a = 4-n-a3 	 
En — Eh 	 (4.9) 
E 	2Eh  
The polarisability experiences a resonant enhancement when lei, 28h1 is a minimum, which 
simplifies to the Frohlich condition if Im[s] is small or slowly-varying. The Frohlich condition is 
given in equation (4.10), and shows that the resonance condition strongly depends on the 
dielectric environment of the sphere. 
	
Re [Ep (CO] = —2Eh 
	 (4.10) 
We obtain the extinction cross section (crem,L) of a metal particle from its polarisability such as 
shown in equation (4.11). The definition for the extinction cross section alAL given in equation 
(4.11) is based on calculating the net rate of how much energy crosses the surface of an imaginary 
sphere surrounding a subwavelength particle, where the extinction cross section denotes the net 
energy rate that is absorbed and scattered by the particle as a fraction of the incident radiation 
[1]. The parameter k is the wave number in the host medium, k=2Tcnh/A.0 (X0: wavelength in 
vacuum). 
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(4.11) 
The electric field distribution inside, Eh?, and outside, &run, the metallic sphere can be calculated 
from the potential (1) using E = —V(1). They are given in equations (4.12) and (4.13) [3], where n is 
the unit vector pointing from the dipole to the field point at distance r. 
3 Eh  
E"` =  Ep + 2Eh E0 
3n(n • p) — p 1 
Eout = Eo + 	Lilreoeh r 3 
It is apparent from these equations that the resonance in the polarisability a1, also leads to a 
resonant enhancement of both the internal and dipolar fields. This field enhancement is 
important for the application of metal nanoparticles, e.g. as sensors [11, 92]. 
Solutions for particle shapes other than spheres can also be derived analytically with the quasi-
static approximation. In equation (4.14) we give the expression for the polarisability of an ellipsoid 
in a field polarised parallel to one of its principal axes, where X a shape factor [1], and as, b5 and c.,, 
the semi principal axes of the ellipsoid. We will use ellipsoids to approximate the particle shape 
of the metal disks in our experiment (cf. section 5.1). 
ap = asbscs 
	Ep — Eh 	 (4.14) 
In this thesis we have also investigated the case when the polarisation is not orientated parallel 
to one of the particle's principal axes. The light can, for instance, encounter the sample at normal 
incidence but with the polariser orientated in between the principle particle axes a and b, where 
the angle p denotes the rotation angle of the particle around the optical axis (Figure 4-3). The 
superposition principle of linear optics states that when two separate waves arrive at the same 
place in space the electric field vectors simply add to one another without disturbing either wave 
[111]. Consequently the electric field vector of the incoming electromagnetic wave can be split 
into components parallel to the principal axes of the ellipsoidal metal particle, and the 
polarisability 4 for the intermediate steps of p can be expressed according to equation (4.15). 
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Here the apa and apb are the polarisabilities when the polarisation vector is orientated parallel to 
the principal particle axes a and b respectively. 
Figure 4-3: 	Schematic for the case that the light encounters the subwavelength metal particle at normal 
incidence but the field E is orientated in between the principle particle axes a and b. The angel p 
denotes the rotation angle of the particle around the optical axis. The particle is immersed in a 
dielectric medium with the refractive index n. 
• r,  a13 = a stn2  + ab  cos2  p (4.15) 
The quasi-static approximation is strictly only valid for particles small compared to X. For particles 
with dimensions larger than —100nm diameter there are significant phase changes of the driving 
field over the particle volume. Therefore it is no longer justified to use the quasi-static approach 
and electrodynamic calculations are required [3]. The first complete electrodynamic solutions for 
scattering events on subwavelength particles have been provided by Mie in 1908 [4]. Mie solved 
the Maxwell equations for a plane wave that encounters the surface of a spherical particle [4]. 
The wave that is scattered by the particle is a convolution of several partial waves that are 
created by electromagnetic multipole oscillations inside the particle. 
The full Mie model can be applied for larger particles, but also approximate expressions have 
been developed that are valid within certain limitations. The approximations often give further 
physical insight or extend to particle shapes other than spheres [72]. One of these approaches is 
the modified long wavelength approximation (MLWA), which addresses the problem of 
ellipsoidal particles embedded in homogeneous dielectric surroundings. The MLWA is based on 
the quasistatic approach but also accounts for particle size related retardation effects [72, 116]. 
The MLWA will be further introduced in section 5.1. 
- 56 - 
a=160 
140 
120 
Higher multipole 	Dipolar 
excitation 	excitation 
0.00 
400 	500 	600 	700 	800 
Wavelength (nm) 
0 00 
900 	400 	500 	600 	700 	800 
Wavelength (nm) 
900 
0.12 
t 0.04 
0.02 
0.08 
.--. 0.06 
Au 
CHAPTER 4 
Figure 2-4 
	
Extinction cross section spectra of a spherical gold particle embedded in a dielectric medium with 
the refractive index n. The spectra were obtained from Mie calculations [70]. a) Spectra in 
dependence of particle diameter a in nm (n=1.0). b) Spectra of a gold particle with a=120nm 
embedded in media with different refractive indices n. 
In Figure 2-4 (reproduced here for convenience) we had presented results of Mie calculations for 
subwavelength gold spheres [70] with different diameters, which showed that that the plasmon 
resonance red shifts when the particle dimension is increased (cf. Figure 2-4a). Intuitively this can 
be explained by considering that a larger distance between the opposite surface charges (cf. 
Figure 4-2), leads to a lowering in the restoring force and thus a lowering in the resonance 
frequency [3]. Using this picture one can also expect a significant red shift of the localised surface 
plasmon resonance when the aspect ratio of ellipsoidal metal particles increases, assuming that 
the increasing particle axis is the one parallel to the electric field. This is in line with experimental 
observations, for example by Kuwata et. al. [78] (cf. Figure 2-5). 
We also saw from the Mie-calculations that the dipolar plasmon resonance red shifts when the 
refractive index of the surrounding medium is increased (Figure 2-4b). This can be intuitively 
understood from the Frohlich condition within the quasi-static approximation (equation (4.10). 
(e 
For gold we know that 
alRe aA(A))I 
 > 0 in the spectral region between 500nm<X<900nm (cf. 
appendix A2, Figure A2.1a). Therefore the Frohlich condition (equation (4.10)) can only be full-
filled when the plasmon resonance peak red shifts. 
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4.2.2 Metal particles arranged in a grating geometry 
We have established in the previous section that an applied oscillating field induces a dipole 
moment inside each subwavelength metal particle (cf. equation (4.8)). These dipoles oscillate at 
the frequency of the applied field and thus scatter secondary radiation [1]. The total electric field 
is then the sum of the incident field and the retarded fields of the dipoles. 
If several dipoles are placed in a 1-D chain with a distance between the particles, which is in the 
order of the incident wavelength, diffraction effects will show [102]. The electric fields of 
neighbouring particles can interfere constructively, which is captured by the grating equation 
(equation (4.16)). Here 2).0 is the wavelength in free space, y' is the angle of incidence onto the 
grating, 4) the diffraction angle, and is the grating order, nh the refractive index of the host 
material and A the grating period. In Figure 4-4 we show the corresponding schematic. When the 
diffraction angle 4) in equation (4.16) is set to 90° we obtain the spectral position of the diffraction 
edge. If the incident light has a wavelength longer than the wavelength corresponding to the 
diffraction edge then the diffracted beams are evanescent (other than the zero-order beam). If 
the incident wavelength is shorter then the diffraction orders are propagating. 
ma  n° = (siny'+sinj4fl h  
Figure 4-4: 	Schematic for deriving the grating equation (where the red circles are the grating). The condition 
for constructive interference is x+y=md2/nh. 
For a 2D square lattice the grating equation (4.16) modifies to equation (4.17), where and and /d  
denote the grating orders. Diffraction edges for different grating periods and the host materials 
air, ITO and silica have been calculated in the appendix A4. 
- 58 - 
(4.16) 
CHAPTER 4 
Ao 
\ini5+ 15—nh = (siny + sin(p)A 
(4.17) 
The coherent interactions between subwavelength metal particles, aligned in an ordered grating 
arrangement, can be described further with the coupled dipole method [84, 86, 102]. This 
means, we examine an array of N metal particles, where each particle is considered to be a 
dipole. The position and polarisability of each metal particle is denoted as ri and al. The induced 
polarisation in each particle due to the presence of an applied plane wave field is pi = 
EoEhamiEtocaLi (i=1,2,3,... N). In the array the local field E iocat,i is the sum of the incident and the 
retarded fields of the other N-1 dipoles (equation (4.18)), where k and E0 are the wavevector and 
amplitude of the incident field [117]. 
N 
	
E local,i = E inc,i E dipoles = E0 exp(ik • ri) — 	Au • pi 
	 (4.18) 
i=i 
j*i 
The parameter Au is the dipole interaction matrix and is expressed in equation (4.19) [117] as 
11, 	 jx(r jxp j) 	ikr  , 	, [nip j-3r rp 
Aii p = k2e.nr(1 e 1.1(1 ilkru ) 	 3 	 ,5 j 
(i = 1, 2,...,N,j = 1,2, ..., N,j = 
where rij is the vector from nanoparticle I to nanoparticle j. For large array spacings 	150nm) 
the radiative far-field interactions between particles often dominate [3]. They are associated with 
the first term in equation (4.19) and show a 1/r dependence. 
For a two-dimensional infinite array of particles we use a semi-analytical model to obtain the 
polarisability of the grating, and rewrite equation (4.19) as follows [86]. 
2 	ikri k 2sin — ikrij)(3cos2 i9u — i)eucrij 9 
	  3
i 
E 	= E inc,i + 	 3 	 GriE • •
i*j rij 	 ri1  
where, Dij is the angle between the polarisation vector (assumed to be in plane of the lattice) 
and the vector from nanoparticle i to j, k is the wavenumber in the surrounding medium and ail 
is the single-particle polarisability. 
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The array is being irradiated normal to the plane and we assume that the local electric fields of all 
spheres are the same, i.e. Etocau= —local E 	,1 = Elocca. The polarisation of each particle in the 
array is p = eoehaf,Eiocal . Inserting equation (4.20) gives 
P = Eoenaglocal= eoehais,Einc + cc Sp,  
where the parameter S is the retarded dipole sum (equation (4.22)). 
S 	rsinzpi  jencr ii r1  — ikrii)(3cos2i9 — 1)eikrii 
ru 
Rearranging equation (4.21) leads to 
(4.21) 
(4.22) 
(4.23) 
Hence the polarisability of the particle array can be written as in equation (4.24). 
 
 
as 
 
(4.24) 
a array = 1 — af,s 
  
  
In a simplified view the 1/r3 terms in the retarded dipole sum S (equation (4.22)) can be regarded 
as contributing to the near-field interactions between the nanoparticles and the 	term as 
contributing to the far-field interactions [84]. The real part of S determines the shift of the 
plasmon resonance position Xm.„ induced by the grating arrangement, where positive values 
correspond to red shifts and negative values to blue shifts. The imaginary part of S determines 
the linewidth of the plasmon resonance peak: positive values give broadened line shapes, and 
negative values narrow the line shapes (compared to the single particle resonance). Changes in 
the plasmon peak position and shape due to radiative dipole coupling of metal particles arranged 
in a grating geometry have been observed experimentally, e.g. by Haynes et. al. [84] and 
Lamprecht et. al. [85]. In equation (4.24) the imaginary parts of ail and S can compensate each 
other producing sharp resonances in the extinction cross section spectrum [17, 19, 22, 26, 118]. 
We will present calculations using the retarded dipole sum in connection with the MLWA model 
in section 5.1 in order to demonstrate the impact of coherent interactions between gold particles 
on the plasmon resonance peak. 
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4.2.3 Grating on a waveguide layer 
The grating structures investigated in this thesis consist of a silica substrate, a 100nm thick ITO 
waveguide layer and a subwavelength grating (cf. section 3.2). When such a structure is 
illuminated with an incident light beam, part of the light is directly transmitted, and part is 
diffracted and subsequently trapped in the dielectric waveguide layer. Some of the trapped light 
is then re-diffracted outwards and interferes with the incoming part of the light beam [119]. In 
Figure 4-5 (after Carroll [120]) the ray-picture is used to illustrate the interplay between 
waveguide and grating. The light propagating in z-direction is considered to be composed of 
plane waves describing a zig-zag path in the x-z-plane undergoing total internal reflection at the 
interfaces bounding the waveguide [88, 121]. 
wavefront I A I 
Figure 4-5: 	Diffraction from 1D grating on top of a waveguide layer (after [120]). 
We now want to focus on how the grating re-diffracts light outwards into the superstrate 
medium (refractive index n1) assuming that the waveguide is already propagating in the thin 
dielectric layer with refractive index n2. For constructive interference between fields from 
neighbouring particles to occur it is required that the sum of the total optical path are multiples 
of 27t. This is expressed in the grating equation (equation (4.17)). For the case illustrated in Figure 
4-5 the grating equation can be rewritten as equation (4.25), where (pi  is the angle of incidence, 
yd the angle of diffraction, Ami the wavelength in medium 1 and 412 the wavelength in medium 
2. 
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Am2 	Aml 
The effective refractive index of a waveguide mode is defined as in equation (4.26) [121]. 
neff = n2 simpi 	 (4.26) 
Combining equations (4.25) and (4.26) leads to 
MdA0 neff sinyd = 
An1  
(4.27) 
When yd = 0 then the diffracted wave is radiated away from the waveguide. For this condition 
destructive interference between the incident wave and diffracted wavefronts occurs as they are 
180° out of phase [89], and a waveguide resonance can be observed in the far-field spectrum. 
The Bragg condition for coupling to a waveguide resonance in a 1D grating is given by equation 
(4.28). 
MdA0 = neffA 	 (4.28) 
If the grating consists of metal particles that usually support plasmon resonances the total 
electric field can vanish under the Bragg condition and no electric force acts on the free electrons 
of the metal. The localised surface plasmon mode is suppressed [16, 89]. 
(4.25) 
Off angle 
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Light cone 
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2G k z 
Figure 4-6: 	Schematic co-k-diagram illustrating the grating coupling process. (1D grating) 
Coupling light into a waveguide resonance can be pictured as in Figure 4-5 but with a reversed 
light path. In Figure 4-6 we show a schematic 6)-k-diagram illustrating the grating coupling 
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process to the waveguide resonance due to Bragg reflections. Here G is the reciprocal lattice 
point (G=27c/A). It is apparent that changing the angle of incidence leads to the formation of a 
'cross-like' feature for the waveguide resonance positions. 
A, 
	(nen. ± siny) Ae = 
\im5 + 15 
(4.2) 
For a 2D grating and varying angle of incidence y the Bragg condition for coupling to the 
waveguide resonance modifies to equation (4.2). We will outline how to calculate the effective 
refractive index of a waveguide mode in section 5.2. 
4.3 Extinction cross section, reflectivity and transmission 
Extinction spectroscopy appears to be a popular choice for analysing plasmon resonances on 
grating structures such as studied in this thesis (cf. section 3.2) [16, 19, 24, 26, 122]. However no 
realistic account of the reflected signal is included, e.g. equation (4.1). Therefore the extinction 
cross section merges the contributions of light that is reflected, scattered and absorbed by the 
grating structure. In this section we address the question how the different reflectivity, 
transmission and absorption plus scattering spectra relate to one another and how much the 
extinction cross section spectra represent spectral features of the individual contributions. 
From the conversation of electromagnetic power the transmitted (T), reflected (R), scattered (5) 
and absorbed (A) components relate to each other as 
T+R+S+A= 1 	 (4.29) 
Even though equation (4.29) is always valid it is apparent that literature [1] often distinguishes 
between the interaction of light with smooth surfaces and the interaction with subwavelength 
particles. In the case of the studied subwavelength gratings (Figure 3-2) the two cases cannot be 
clearly separated because the structures consist of subwavelength particles and interfaces of 
different refractive indices parallel to the z-axis (Figure 3-3). It seems therefore a necessity to 
clarify what the understanding of reflection, scattering, absorption and transmission is. 
- 63 - 
CHAPTER 4 
Reflection usually describes a specularly reflected wave on smooth surface which is subject to the 
laws of specular reflection and Snell's law [1, 111]. If the electromagnetic wave illuminates 
particles with dimensions smaller than the wavelength of light the surface can no longer be 
considered as homogeneous. An applied oscillating field induces dipoles that scatter secondary 
radiation in all directions. In a certain direction the scattered light is the superposition of all 
scattered wavelets taking into account their phase relations [1]. Additionally to reradiating 
electromagnetic energy the excited electric charges might also transform part of the incident 
energy into other forms (e.g. thermal energy). This process is usually referred to as absorption. 
The transmission comprises all light that is not reflected, scattered or absorbed (equation (4.29)). 
Due the nature of the experimental setup (cf. section 3.1) the amount of scattered light cannot 
be directly detected (except for a small fraction of scattered light that might fall within the light 
cones of the microscope objective and the collection lens). However the transmission and 
reflectivity can be measured. The remaining light amounts the contributions of absorption plus 
scattering (equation (4.29)). It should be mentioned that distangling absorption and scattering 
contributions could be achieved with different experimental techniques. For instance, 
Langhammer et. al. [123] distinguished extinction, absorption and scattering cross sections of 
metal nanodiscs using a UV-vis-near infrared spectrophotometer with an integrating sphere 
detector. 
4.3.1 Verification of experimental rig 
In this section the suitability of the setup described in Figure 3-1 for reflectivity and transmission 
setup will be verified. The reflection of a sample can be measured by replacing the digital camera 
in Figure 3-1 with a silicon detector. However it has to be considered that in the visible spectrum 
the reflectivity of silicon exceeds 30%. To illustrate this Figure 4-7 shows the raw data measured 
with the reflection detector a) when no sample is present in the setup (Figure 3-1) and b) when 
no sample is present but lens 3 and the transmission detector are covered with blackout 
material. The plot c) is the raw data for the reflection obtained from a 'non-diffractive' grating 
and helps to relate the signal intensities of spectra a) and b) to the sample signal. 
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Figure 4-7: 	Raw data measured with the reflection detector a) when no sample is present in the setup 
(Figure 3-1) and b) when no sample is present but lens 3 and the transmission detector are 
covered with blackout material. The plot c) is the raw data for the reflection obtained from a 
'non-diffractive' grating. 
It is apparent that the background spectrum for the reflectivity measurement is significantly 
altered when the reflection and transmission detectors 'see' each other, i.e. when concurrent 
measurements are performed. Therefore the reflectivity and transmission measurements 
presented in this work have been performed separately, covering the non-active detector 
accordingly. Such a procedure makes these experiments time intensive because the experimental 
rig takes about 25 minutes to measure a spectrum in a wavelength range between 350nm to 
1200nm. It was found that the intensity of the quartz-halogen light source fluctuates when used 
constantly over several hours. Even though its overall spectral shape stays the same, these 
variations lead to error bars of ±2% in the absolute transmission and reflectivity values. 
For the reference in the reflectivity measurement a silver mirror (Thorlabs, PF10-03-P01) was 
mounted in the position of the sample. The reflectivity values for the mirrors have been provided 
by the supplier. Figure 4-7b illustrates that it is essential to consider the background signal that 
the detector picks up when no sample is present. It needs to be subtracted from each reflectivity 
measurement. The reflectivity is therefore obtained as 
)back  R = 	 ixAg  IR 
— )back 'Ag 'bac
(4.30) 
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, where IsRam is the measured reflected signal of the sample, Ilk is the measured reflected signal 
of the silver mirror, Lack  is the picked up background signal without any sample in the setup and 
RAg are the reflectivity values of the silver mirror from the mirror supplier. The transmission 
(equation (4.31)) is obtained by collecting the signal that is transmitted through the sample, Isam, 
and the signal when no sample is present 'back. 
T = 
Isam  
'back 
In Figure 4-8 the method outlined above has been applied for the measurement of a planar silica 
(spectrosile B) substrate. In Figure 4-8a the measured transmission (black solid line) is compared 
to the calculated theory values (dashed line) and the spectrum obtained from measurement with 
a commercial ultraviolet-visible (UV-vis) spectrometer (blue curve). The theoretical data were 
obtained by calculating the Fresnel coefficients for normal incidence and determining the 
reflectivity and transmission values for one interface (cf. equations A3.7, A3.8 in appendix A3) or 
two interfaces (cf. equations A3.9, A3.10 in appendix A3) respectively. The absolute values of the 
experimental data agree very well with the calculations. The theoretical transmission values 
exceed the experimental data by only —1%. We point out that the refractive index data for the 
calculations have not been obtained from other independent measurements on the same sample 
but were from a different source [124]. This might contribute to the slight mismatch between 
theoretical calculations and the experiment. Moreover, as Figure 4-7 illustrates, different optical 
components in the setup could cause multiple reflections which are difficult to account for 
exactly, theoretically and experimentally. 
To evaluate the quality of the reflectivity measurements a silica substrate was measured 
comprising a smooth front and back surface. Afterwards the back surface of the substrate was 
roughened. The reflectivity of the silica sample was measured in two subsequent measurements 
to minimise effects caused by lamp fluctuations. Therefore absolute values of the reflectivity lie 
within the indicated ±2% error bars but the reflectivity difference between the two 
measurements should match the theoretical data well. In Figure 4-8b the experimental spectra 
for one interface (red) and two interfaces (black) are compared to the corresponding theoretical 
values (dashed lines). Theoretically the reflectivity between the two measurements should differ 
(4.31) 
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by —3.5%. Experimentally a difference of —4% was obtained which is in good agreement with 
theory. For the reflectivity no commercial system was available to further validate the 
measurements. 
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Figure 4-8: Far-field spectra of a silica (spectrosil B) substrate. The solid lines are experimental data, the 
dashed lines theory values. a) The black solid curve was measured with the setup shown in Figure 
3-1, the solid blue line with a commercial UV-Vis spectrometer. b) The black solid curve was 
measured on a silica substrate with a smooth front and back interface. The red solid graph shows 
the spectrum measured after the back surface of the sample was roughened. 
To further assess the error bars for the transmission and reflectivity measurements a distributed 
Bragg reflector (DBR) was measured. It consists of ten alternating layers of 52nm tantalum 
pentoxide (Ta205) and 77nm of silicon dioxide (Si02).with a 30nm ITO layer on top. The layers 
were deposited on a silica substrate. The system was chosen because it exhibits spectral regions 
of high and low reflectivity and transmission. The theoretical transmission and reflectivity spectra 
for this structure have been calculated using a rigorous coupled wave analysis (RCWA) model 
(see section 5.3) and are the red curves shown Figure 4-9a and b. The blue spectra in the same 
Figure are from experiment applying the method outlined above. Generally the shape of the 
theoretical reflectivity and transmission is nicely reproduced in the experiment over a large 
spectral range. The measured data exhibit a red shift of —10nm compared to the calculated 
spectra. This mismatch is probably caused due to slight deviations of the layer thicknesses from 
the nominal values that were used for the modelling. However modelling has shown that the 
magnitude of the oscillations in Figure 4-9a and b will not be affected by these variations. Figure 
4-9c highlights again that back reflections occur in the experimental rig. Here they led to values 
larger than one for the sum of reflectivity and transmission. Accounting for these back reflections 
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is complex and would not add significant scientific information to this thesis. Based on the 
analysis presented above the error bars for the transmission and reflectivity data obtained with 
experimental rig shown in Figure 3-1 are considered to be ±3% in absolute value. 
- Expenment 
-Theory 
400 	600 
	
800 	1000 
Wavelength (nm) 
Figure 4-9: 	Reflectivity (R) and transmission (T) measured on a distributed Bragg reflector (blue lines) with 
the setup described in section 3.1. The bottom curve is the sum of reflectivity and transmission. 
The red lines show the corresponding data obtained from rigorous coupled wave analysis 
(RCWA) calculations. 
4.3.2 Measurements on the gratings 
The method described in the previous section has been applied to the subwavelength metal 
gratings. In Figure 4-10 the transmission, reflectivity, absorption and scattering spectra extracted 
from measurements on a 'non-diffractive' grating are shown. The spectra in Figure 4-10a to c 
were measured with the polarisation vector parallel to the short particle axis a (cc=0°, (3=0°) and 
spectra in Figure 4-10d to f with the polarisation vector parallel to the long particle axis b (a=0°, 
(3=90°). As noted above absorption and scattering effects cannot be separated in this 
measurement and appear therefore combined in one spectrum. All spectra are compared to the 
extinction spectrum that has been obtained from measurements along the corresponding 
particle axis (red curves). 
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Figure 4-10: 	Transmission (top), reflectivity (middle) and absorption (bottom) measured on a 'non-diffractive' 
grating. Spectra a) to c) were measured with the polarisation vector parallel to the short particle 
axis a and spectra d) to f) with the polarisation vector parallel to the long particle axis b (Figure 
3-4). All spectra are compared to the extinction spectrum extracted from measurements along 
the corresponding axis (red curves). The light grey patterned area illustrates the transmission and 
reflectivity measured on an ITO substrate only. 
It is apparent that a broad plasmon resonance feature appears in all optical spectra namely 
transmission, reflectivity and absorption (+scattering). As a guideline it can be said that the entire 
`non-diffractive' structure approximately leads to 50% of the incident light being transmitted, 
35% being reflected, and 15% being absorbed and scattered. The patterned areas in Figure 4-10a, 
b, d, and e indicate the transmission (reflectivity) that is caused by the ITO-silica substrate alone. 
The measurements on the substrate show Fabry-Perot oscillations that would not necessarily 
occur when the metal particles are on top. Still the data allow an estimation how much the 
transmission is reduced due to the presence of the metal particles and how much the metal 
particles increase the reflectivity of the structure. At the peak of the plasmon resonance the 
subwavelength metal particles cause a reduction of the transmission of —30% when p=o° (-35% 
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when P=90°) and an increase of the reflectivity of —10% when 13=0° (-15% when (3=90°). As 
expected (cf. section 4.2.1) the plasmon resonance position is red shifted when the light is 
polarised parallel to the large metal particle axis. The influence of polarisation on subwavelength 
metal particles will be discussed more detailed in section 6.1.1. 
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Figure 4-11: 
	The plasmon resonance positions for the transmission (T), reflectivity (R), absorption and 
scattering spectra (A+S) corresponding to Figure 4-10. The black circles show the positions for 
(3.7)° and the red circles for 13.90°. All positions are compared to the plasmon resonance position 
obtained from extinction spectra (equation (4.1)) (blue line). 
From Figure 4-11 we find that the peak maxima in the reflectivity spectra occur slightly blue 
shifted compared to the peak maxima of the extinction cross section spectra. In order to 
understand the behaviour we can turn to a simplified model which involves a plane wave that 
encounters a 'Lorentz-material'. The 'Lorentz material' shall be of a thin layer which exhibits an 
effective refractive index as in the classical Lorentz model of a forced oscillator (cf. section 4.2.1). 
If all the phase relations between incident, reflected and transmitted waves on a thin layer are 
accounted for we find that the resonance appears at different spectral positions in the 
reflectivity, transmission and absorption plots (outlined in appendix A3). The simplified model 
illustrates that the resonance positions strongly depend on the phase relations between the 
interacting fields. It therefore is not surprising that in our experiment the transmission, 
reflectivity and absorption (+scattering) resonance positions differ from each other (Figure 4-11). 
We find that the extinction cross section resonance positions are slightly red shifted compared to 
the transmission spectra. The transmission spectra presented in Figure 4-10 have been obtained 
from using the system response as a reference (equation (4.31)). Hence the grating structure is 
considered as a whole system. In case of the extinction cross section spectra the transmission 
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through the planar ITO layer serves as a reference (equation (4.1)). The small shift in the plasmon 
resonance is therefore caused by including the ITO layer in the reference. 
Figure 4-12: Transmission (top), reflectivity (middle) and absorption (bottom) measured on a 'diffractive' 
grating. Spectra a) to c) were measured with the polarisation vector parallel to the short particle 
axis a and spectra d) to f) with the polarisation vector parallel to the long particle axis b (Figure 
3-4). All spectra are compared to the extinction spectrum extracted from measurements along 
the corresponding axis (red curves). 
The small signal intensities, and greater signal to noise ratio, in the short wavelength range 
(Figure 4-7) do not allow the identification of the waveguide resonance for the 'non-diffractive' 
grating. However in equivalent measurements on a 'diffractive' grating structure the feature is 
clearly visible in the reflectivity spectra (Figure 4-12b and e). The spectral position of the 
waveguide resonance is governed by the grating period and the effective refractive index of the 
waveguide mode (cf. equation (4.2)). As expected the waveguide resonance appears at the same 
spectral position in each corresponding transmission, reflectivity, absorption/scattering and 
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extinction cross section spectrum. For the 'diffractive' grating type the waveguide resonance and 
plasmon feature overlap spectrally and interact. A clear plasmon resonance position cannot be 
extracted from Figure 4-12 because the shape of the broad plasmon feature is altered by the 
interaction. An absolute comparison to the intensities in the optical spectra of the 'non-
diffractive' grating is therefore not possible. However as a guideline it can be said that the entire 
'diffractive' structure approximately leads to 60% of the incident light being transmitted, 30% 
being reflected, and 10% being absorbed and scattered. The numbers — compared to the 'non-
diffractive' grating in Figure 4-10 — reflect the lower fill factor of the 'diffractive' grating. Overall it 
was found that the two main features in the extinction cross section spectra, a broad plasmon 
resonance and the narrow waveguide resonance, could also be identified in the reflectivity 
spectra. As expected the spectral positions of the plasmon resonance in the absorption and 
reflectivity spectra differ slightly (cf. appendix A3). 
In summary, while extinction cross section spectra do not consider the influence of reflectivity, 
absorption and scattering as individual parameters, it has been demonstrated that doing so does 
not lead to new artificial features in the extinction cross section spectra. The transmission is the 
parameter which shows the largest effect in the far-field response when the incident light 
encounters one of the subwavelength metal grating structures, namely a reduction of its initial 
intensity of roughly 30% (or larger) at the plasmon resonance position. This is advantageous 
because it is easier to measure the transmission rather than the reflectivity. Most importantly the 
transmission measurement takes less time because fewer experimental runs are required, and 
one does not have to rely on literature values for the reference (which is the case for the silver 
mirror in the reflectivity arrangement). The above study has established that looking at the 
extinction cross section spectra is a valid approach to capture the physics when light encounters 
these subwavelength metal gratings. Therefore extinction cross section spectra will be analysed 
in the remainder of the thesis. 
4.4 Effect of spot size 
The following results provide information about how reliable the setup shown in Figure 3-1 is and 
how the spot size may affect the extinction cross section spectra. 
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Figure 4-13: Extinction cross section spectra of a 'non-diffractive' grating measured with two different 
experimental setups. The red curves were measured with the polariser orientated parallel to the 
short particle axis and the black curves with the polariser orientation parallel to the long particle 
axis. The size of the illumination spot was varied: a) "lp.m, b) "81.tm and c) —800µm. The dashed 
lines mark the positions of the spectral feature obtained with the largest spot size and serve as a 
guideline. 
In an alternative setup [125] the sample has been illuminated from the back by a continuous 
Finanium laser source through a visible microscope objective. The transmitted light was collected 
by a 50x, 0.55 NA microscope objective and led through a fibre to a silicon charge-coupled device 
(CCD) detector. To adjust the illumination spot size subsequently a 10x, 0.25 NA and a 50x, 0.45 
NA microscope objective have been used for the illumination. The resulting spot diameters were 
—811m and 1µm respectively. The larger spot captures a several hundred particles whereas the 
number of illuminated particles with the 11,trn spot is in the order of 10. The obtained spectra 
have been compared to far-field spectra measured on the setup in Figure 3-1 using a spot 
diameter of —800[tm. Here the number of captured particles is significantly larger, in the order of 
106. 
We measured far-field spectra of a 'non-diffractive' grating with different spot sizes on the 
transmission setup (cf. Figure 3-1) and the alternative setup, and present the results in Figure 
4-13. Both setups pick up two broad features which can be attributed to the plasmon 
resonances. The measurements were performed with the incident polarisation parallel to the 
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short particle axis (red curves in Figure 3-1) and parallel to the long particle axis (black curves in 
Figure 3-1). When comparing the spectra for the 8!_tm spot size (Figure 4-13b) and the 800µm 
spot size (Figure 4-13c) the peak positions in the two spectra agree remarkably well, only 
showing a slight blue shift in the order of 10nm when measured with the alternative 
experimental rig. There is a difference in the y-axis which could be due to a variety of reasons 
(e.g. non-linearities in the detector response, different NA). However the y-axis values between 
two spectra measured on the same setup shows the same relative behaviour and can therefore 
be compared. The full width half maxima of the peaks are maintained for the two different spot 
sizes, 180nm for the peak at short wavelengths and 215nm for the peak at long wavelengths. 
When the illuminated particle number is only of the order of 10 it can be seen that the top of the 
plasmon peaks is more flat and also shows a little dip. We have shown (cf. Figure 3-9) that the 
metal particles exhibit some variation in their geometrical parameters caused by the sample 
fabrication process. Therefore this observation suggests that the broad plasmon feature consists 
out of several smaller peaks that are each attributed to the plasmon resonance of individual 
particles. When the number of illuminated particles increases (i.e. with spot =81.1m) the 
contribution of individual particles cannot be resolved anymore so that only one broad plasmon 
feature is visible in the extinction cross section spectra. 
It can be concluded that for the 'non-diffractive' structure a section of the grating with the order 
of several 100 particles exhibits a plasmon resonances that is spectrally very close to the one 
measured when the light captures larger grating areas. The plasmon peak positions of the 
spectra measured with the 1.im spot size (-10 particles) do not match exactly but do allow the 
clear identification the broad plasmon feature for each polarisation. It seems therefore justified 
to analyse the geometrical properties of a grating section governing several ten metal particles 
and to consider the results valid over larger particle areas (cf. section 3.4.2). 
The measurements were repeated using a 'diffractive' grating (Figure 4-14). The number of 
captured particles here is roughly in the same order of magnitude as for the 'non-diffractive' 
grating. As before when the incident light encounters several hundreds of metal particles (8p.m 
spot) it can be said that the spectral features are well reproduced compared to the large spot size 
when the order of 106 particles are illuminated. For the 81.1m and 800µm spot sizes the 
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waveguide dips are visible (Figure 4-14b and c). These are not clearly seen when the spot size is 
reduced to 1µm (Figure 4-14a). We have already established that the incident light excites a 
waveguide mode propagating in the ITO layer, which is then coupled out into the superstrate (cf. 
section 4.2.3). The waveguide resonance is visible in the far-field spectrum due to destructive 
interference between the incident wave and the diffracted wave [89]. A spot size of 1µm means 
that only approximately 2x2 particles are illuminated. It is likely that more than two particles are 
needed for the waveguide to completely leak out into the superstrate. Therefore destructive 
interference between the incident and diffracted beam is weaker than for the larger spot sizes. It 
should also be mentioned that a microscope objective with a high NA (angle of half cone =27°) 
has been used for the illumination when the spot size was smallest and since the waveguide 
feature is influenced by the angle of incidence (cf. equation (4.2) and Figure 4-6) it is also possible 
that grating induced features (if present) have been averaged out. 
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Figure 4-14: Extinction cross section spectra of a 'diffractive' grating measured with two different 
experimental setups. The red curves were measured with the polariser orientated parallel to the 
short particle axis and the black curves with the polariser orientation parallel to the long particle 
axis. The size of the illumination spot was varied: a) —1p.m, b) —81.1.m and c) —800p.m. The dashed 
lines mark the positions of the spectral feature obtained with the largest spot size and serve as a 
guideline. 
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4.5 Resilience to cleaning 
For implementing the subwavelength metal gratings into applications, e.g. sensing, it would be 
advantageous if they showed some resilience towards cleaning procedures. These could involve 
the exposure to solvents and slight ultrasonication. In this section we show that an extinction 
cross section spectrum of a 'non-diffractive' grating could be well-reproduced after depositing 
and removing a thin Poly (methyl methacrylate) PMMA film. 
Figure 4-15: 	Measured extinction cross section spectra of a 'non-diffractive' grating. The spectra correspond 
to the three subsequent steps in the experiment: Initially cleaned sample without the 
superstrate layer (A), sample with 170nm PMMA superstrate layer (B) and sample after the 
cleaning process (C). Note that spectra (A) and (C) are practically identical. 
For the experiment a 'non-diffractive' grating was washed in toluene, IPA and chloroform (with 
slight ultrasonication) to remove dirt from the sample. The PMMA was dissolved in chloroform 
and then spincoated on top of the sample which was afterwards dried on a hot plate at —60 °C for 
10 min. For thickness determination a reference film on a Spectrosil B substrate was also 
prepared. By means of a profilometer a PMMA film thickness of (170 ± 10) nm has been 
determined. Subsequently the transmission spectra of the grating structure with PMMA as well 
as on ITO with PMMA were measured, and the extinction cross section spectrum was calculated. 
The spot size used was 400 on . Afterwards the PMMA film has been removed from the grating 
by ultrasonicating the sample in different solvents. It was started with Toluene (3 min), continued 
with Isopropanol (3 min), and finished with Chloroform (5 min). The sample was dry blown with 
nitrogen and heated on a hot plate at —60 °C for 5 min. 
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Figure 4-15 presents the extinction cross section spectra for the three different steps: initial 
sample without top layer (A); sample with 170nm PMMA (B), and the cleaned sample (C). The 
impact of polymer top layers on the extinction cross section spectra will be discussed in detail in 
chapter 7. For the moment we want to highlight that the graphs A and C are practically identical 
in Figure 4-15. The result shows that the grating structures are resistant to the applied cleaning 
process. In fact this is not very surprising considering that PMMA is often used in the e-beam 
lithography process. The fabrication process had to be optimised such that PMMA can be 
removed without damaging the subwavelength grating features. For reasons given in section 3.2 
the demonstrated resilience to the cleaning procedure is attributed to the presence of the lOnm 
thick titanium wetting layer [105, 106]. It should be noted that materials other than PMMA might 
be harder to remove. The presented results are encouraging as they mean that one 
subwavelength metal grating structure might be possibly used several times, e.g. in sensing 
applications. 
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5 	Modelling tools 
For the 2D subwavelength metal gratings studied in this thesis the optical system is complex. The 
subwavelength particles are asymmetric, comprise two metals, are part of a 2D square lattice, 
are placed in inhomogeneous surroundings and on top of a waveguiding layer. For the theoretical 
investigation we attempted to address different aspects of the grating structure separately such 
as single particle, grating and waveguide effects. This way, features of the measured far-field 
spectra can be better associated with different optical phenomena. As a consequence the 
calculated results will not be expected to exactly match the measured spectra but a good 
understanding of the physics can be gained along with valuable predictions on qualitative trends. 
a) 	 b) 	 Incident 
light 
y 	 
2 82 
Figure 5-1: Schematic of geometric structures governed by theoretical models MLWA (a) and RCWA (b). 
a) MLWA is calculating the scattering properties of a single ellipsoidal particle embedded in 
dielectric medium. The main particle axes are a, b and c. b) RCWA is calculating the scattering 
properties from periodic and layered sample geometries. 
The models to be introduced in this chapter are the modified long wavelength approximation 
(MLWA), calculations for an asymmetric planar slab waveguide model and the rigorous coupled 
wave analysis (RCWA). In Figure 5-1 we have illustrated schematically the geometric structures 
usually captured by MLWA (a) and RCWA (b). The MLWA is used for calculating the extinction 
cross section spectra of single ellipsoidal metal particles in homogeneous surroundings. Hence 
the impact of particle size and shape onto the far-field spectra can be studied. The 2D 
subwavelength metal grating structures studied in this thesis also comprise a waveguiding layer. 
The basic properties of the waveguide can be captured by a simple asymmetric slab waveguide 
model which will be introduced in this section 5.2. The basic principles of the RCWA model will be 
outlined in section 5.3. With the RCWA model we will simulate periodic and layered geometries 
which include a 1D metal grating. For instance we will investigate the impact of the metal 
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structure spacing on the plasmon resonance (cf. section 5.3.2) and the effect of the titanium 
wetting layer (cf. section 5.3.3). 
The permittivity data used for the calculations have been obtained from the following sources: 
The gold data are from a publication by Johnson and Christy [71], the titanium data from the 
Sopra database for ellipsometry, the ITO data from a publication by Synowicki [126] and the silica 
data were obtained from measurements taken by Xia [124]. The data are presented in the 
appendix A2. 
5.1 Modified long wavelength approximation (MLWA) 
The coupling to localised plasmon modes is induced by electromagnetic fields that are scattered 
on a subwavelength metal particle. The first complete theoretical solutions have been provided 
by Mie [4] for scattering events on spherical particles. Not always the full Mie model is applied 
but approximate expressions have been developed that are valid within certain limitations. The 
approximations often give further physical insight or extend to other particle shapes than 
spheres [72]. One of these approaches is the modified long wavelength approximation (MLWA), 
which addresses the problem of ellipsoidal particles embedded in homogeneous dielectric 
surroundings (Figure 5-1a). The MLWA is based on solving Maxwell equations in the quasistatic 
limit (cf. section 4.2.1) but then correction terms are incorporated into the solutions to account 
for particle size related retardation effects [72, 116]. 
The MLWA method is applicable in the visible for ellipsoidal particles with a volume equivalent to 
that of a sphere with a radius between 5 and —50nm [127]. It should be pointed out that MLWA 
accounts for dipolar contributions only, higher multipoles are not considered [72, 128]. The ideas 
behind the MLWA were first brought forward for spherical particles by Meier and Wokaun in 
1983 [128]. The authors stated that the internal electric field inside the particle is the sum of the 
applied field and the depolarisation field; the latter being generated by polarised matter 
surrounding the particle centre. The overall internal electric field was assumed to be 
homogeneous inside the particle. The depolarisation field was then calculated by assigning a 
dipole moment to each volume element of the sphere, calculating the retarded dipole field 
generated by the dipole moment in the centre and integrating over the volume element of the 
- 79 - 
CHAPTER 5 
sphere [128]. Following this method it was found that for a sphere the size corrected 
polarisability air can be calculated as shown in equation (5.1) [127], where k is the wave 
number in the surrounding medium, and as the radius of the sphere. 
astatic 
MW 	 P  a P 	 — 1 — ___ a static i k 2 	_ 2k3 astatic 
as P 3 P 
(5.1) 
The equation for air comprises two correction terms for effects that increase with the size of 
the particle. The first term (k2-dependent) arises from dynamic depolarization, and the second 
term (k3-dependent) from radiative damping. Dynamic depolarisation causes a red shift of the 
particle resonance and has been interpreted as an effect resulting from a dephasing of radiation 
emitted from different parts of the particle [127, 129]. Radiative damping on the other hand was 
found to broaden the resonance peak and to reduce its intensity. It arises from the spontaneous 
emission of the induced dipole [127, 129]. Equation (5.1) was later also applied for spheroids and 
ellipsoids using equation (4.14) to calculate the static polarisability of the particle [26, 56, 95, 127, 
129, 130]. 
static = a b a 	 c P s s s 
Elo — Eh (4.14) 
3Eh + 3X(Ep — Eh) 
The parameter as denotes the semi principle axes that is orientated parallel to the polarisation of 
the field in this case. If the polarisation is not orientated parallel then Cq34W is calculated for both 
principle axes a and b (equation (5.1)), leading to cl, and 4 respectively which are to be inserted 
in equation (4.15). In equation (4.15) the angle f3 denotes the rotation angle of the particle around 
the optical axis (cf. Figure 4-3). 
apfl = apasin2pn + a-pbcos2 /3 
	 (4.15) 
In Figure 5-2 we present a comparison between the exact Mie [131] and MLWA calculations for 
extinction cross section spectra of spherical gold particles. We have looked at the particle size 
dependence (Figure 5-2a) and the impact of the refractive index of the surrounding medium 
(Figure 5-2b). We see that the MLWA model gives a good approximation for the extinction cross 
section spectrum when the particle diameter is 100nm (n=1.0). For larger particle sizes the 
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MLWA overestimates the intensity in the extinction cross section spectrum and the intensity of 
the peak. Still the plasmon peak shift, the peak intensity and the peak width follow the same 
relative trends in dependence of particle size and surrounding refractive index for the Mie and 
MLWA calculations. Hence while the exact peak positions or intensities are not predicted with 
the MLWA, the model is a suitable tool to investigate trends. 
Figure 5-2: 
	Comparison between exact Mie calculations (top) [131] and the MLWA model (bottom) for the 
extinction cross section spectra of a gold sphere embedded in a homogeneous medium with 
refractive index n: a) particle size dependence (a: diameter of sphere in nm, n=1.0) and b) 
dependence on refractive index of surrounding medium (a=120nm). 
We now turn to investigate ellipsoidal subwavelength Au particles using MLWA and in particular 
the impact of the aspect ratio on the plasmon peak position (Figure 5-3). The particle now has 
three different principle axes (a,b,c) and the incident light is orientated parallel to particle axis a. 
In Figure 5-3a we show extinction cross section spectra for differently sized particles but all 
particles have the same aspect ratio of b/a=1.5. It can be seen that the plasmon resonance red 
shifts with increasing axis a. In Figure 5-3b we extracted the plasmon resonance positions as 
function of aspect ratio (a being 160nm, 120nm and 80nm respectively). It becomes apparent 
that dimension of the principle particle axis a plays a significant role in determining the plasmon 
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resonance position. However the length of the principle axis does not govern the plasmon 
resonance position alone, the aspect ratio also has an impact. The data reinforce observations 
made by Prescott et al. [83] who performed discrete-dipole approximation simulations on gold 
nanorods and found that the plasmon resonance position of subwavelength metal particles 
depends on a variety of parameters such as the particle length, the aspect ratio and the end-cap 
geometry. It would be difficult, if not impossible, to make accurate predictions on the plasmon 
resonance position by stating any one of these parameters alone. 
Figure 5-3: 	a) Extinction cross section spectra of differently sized ellipsoidal gold particles with a constant 
aspect ratio (b/a) of 1.5 (MLWA). The particles were immersed in a medium with n=1.0, the 
particle height c=20nm. The incident light was polarised along the principle axis a. b) Extracted 
plasmon peak positions for different aspect ratios. Three different dimensions for the principle 
axis a were used: 80nm, 120nm, 160nm (n=1.0, c=20nm). 
The MLWA calculations on a single particle can be implemented into a semianalytical method to 
analyse radiative far-field coupling effects between metal particles in a 2D square lattice (cf. 
section 4.2.2). The impact of the grating arrangement onto the far-field spectra can be described 
by the lattice sum S, which was given in equation (4.22). 
k 2sin2t9i jeacr ii 	r — ikrii)(3cos2 /9ii  
S = 
rt./ 	 3 
i*j 	
rif. 
The polarisability of the particle array can then be calculated as in equation (4.24). 
as 
trarray — 1 — asS 
(4.22) 
(4.24) 
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In Figure 5-4 we present the extinction cross section spectra for a gold metal particle situated in a 
2D square lattices with different lattice periods A. The particle was embedded in a medium with 
n=1.2, and for each lattice the diffraction edge nA was adjusted to 432nm, 630nm and 720nm 
respectively (thin vertical lines in Figure 5-4). Note, in normal incidence experiments on the 2D 
subwavelength metal gratings the diffraction edge is close to 430nm for the 'non-diffractive' 
grating and close to 630nm for the 'diffractive grating' (cf. Figure 4-1). For the modelling in Figure 
5-4 the gold particle size was chosen such that the plasmon peak position is close to those 
observed in the experiments. The calculations were performed with an array consisting of 
801x801 dipoles as it was found that this leads to good convergence. The real and imaginary 
parts of S were smoothed using the 'fastsmooth'-function in Matlab. 
0.3 _r 	
MLWA single particle 
n =432nm 
0.2 - 
E 
0.1 - 
0.0 
400 	500 	600 	700 	800 	900 
Wavelength (nm) 
Figure 5-4: Calculated extinction cross section spectra of a gold particle situated in different 2D square 
lattices are compared with the MLWA single particle case. The position of the diffraction edge nA 
(solid vertical lines) is varied. The particle dimensions are a=120nm, b=150nm and c=20nm 
(polarisation parallel to a), and the particle is embedded in a medium with n=1.2. Solid curves: 
Calculated with full lattice sum S. Dotted curves: 1/r3 term in S omitted. 
The solid curves in Figure 5-4, where calculated with the whole lattice sum S (equation (4.22)); 
whereas for the dotted curves we omitted the 1/r3-term in the lattice sum. The 1/r3-term can be 
regarded as contributing to the near-field interactions between the nanoparticles, by excluding 
them we can assess their impact on the extinction cross section spectra. We find that the 
extinction cross section spectra only differ slightly when the near-field interaction term is 
omitted. Thus the conclusion can be drawn that near-field coupling effects are minor as the 
metal particles are spaced sufficiently far away from each other. Radiative far-field coupling 
between the dipoles on the other hand seems to have a major impact on the extinction cross 
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spectra. When the diffraction edge is at 432nm, the plasmon feature of the particle array is blue 
shifted by 15nm and narrowed compared to the single particle plasmon resonance. Thus we have 
to keep in mind that radiative dipole coupling might influence the plasmon feature in the far-field 
response. Increasing the spectral position of the diffraction edge leads to significant alterations 
of the plasmon peak shape that was also observed in experiments on the 'diffractive' gratings 
shown in Figure 4-1c. Even though here (Figure 5-4) we have only investigated an idealised 
system, consisting of elliptical gold particles in homogeneous surroundings, the presented 
calculations highlight that sharp plasmon features can arise even without an underlying 
waveguide. This is in line with observations reported in literature [17, 22, 26]. 
5.2 Asymmetric slab waveguide 
Apart from the plasmon resonance we also observe a waveguide resonance in the far-field 
response of our 2D subwavelength metal gratings (cf. Figure 4-1) due the presence of the ITO 
layer. The basic properties of the waveguide can be captured by a simple asymmetric slab 
waveguide model which will be introduced in this section. 
The description of waveguide modes is based on Maxwell's equations ((2.1)-(2.4)). There are 
transverse electric (TE) waveguide modes and transverse-magnetic (TM) waveguide modes [132]. 
A schematic comprising the asymmetric slab system and the two waveguide modes is drawn in 
Figure 5-5. Per definition a TE-waveguide mode has the electric field polarised along y-axis, and 
the TM-waveguide mode has the magnetic field polarised along y-axis [132, 133]. The field 
components for the two types of modes are given in Table 5-1. We only consider permittivities 
that are real, and E2 > 
Figure 5-5: 	a) Schematic of the slab system, where d denotes the thickness of the slab. b) Schematic of field 
orientations for TE-waveguide and c) schematic of field orientations for TM-waveguide. 
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TE-waveguide: 
0 
TM-waveguide: 
Electric field: E(x, z) = (Ey( X; Z)) 
Ex (x, z)) 
E(x, z) = 	0 
0 	 Ez( x, z) 
0 Magnetic field: H(x, z) = 
Hx(x, z)) 
0 H(x, z) = (H y(.X, Z)) 
HZ (x, z) 0 
Table 5-1: 	Field components in TE- and TM waveguides. 
Inside the dielectric core (material 2) a bound dielectric waveguide has a field distribution in x-
direction that is standing wave in nature. Outside the core the fields are evanescent (1x1 > d/2). 
The waveguide mode is guided along the z-direction. Hence the space variables for a field F(x,z) 
can be separated yielding F (x, z) = F(x)f (z) = F (x)e ikzz. Here we will show how the modes of 
a TE-waveguide are obtained loosely following the way presented by Lee [132]. (The TM-modes 
can then be found by applying the concept of duality [132].) An asymmetric TE-waveguide mode 
should have an electric field component Ey(x) as shown in the equations (5.2), where al  = 
The subscript I denotes the regions for the different dielectric media (/=1,2 or 3). 
The wavenumbers kl in a medium I satisfy the condition (5.3). In the regions 1 and 3, which 
surround the core, the transverse wavenumber kx should be imaginary. In the core region, 2, the 
transverse wavenumber should be real, which means we do not include any losses. We also only 
consider real wavenumbers, kz, in propagation direction. 
ki = co2 peel = k x21 + kz 
	
(5.3) 
The constants A1, A2 and A3 in equations (5.2) can be eliminated by applying the boundary 
conditions for the electric and magnetic fields. We are only interested in Ey and Hz from Table 5-1 
because these are the tangential components that must be continuous at the interfaces. The field 
component Hz is calculated from Maxwell equation (2.1), namely 
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After applying the boundary conditions for Ey and H: we obtain equation (5.5), which is the 
equation that needs to be solved numerically. 
2kxd — vrE — vIE — 2pir = 0 	p = 0,1,2 ... 	 (5.5) 
, where vrE = 2tan-1 (17 and tiE = 2tan-1 (`'`) 
\kx 	 kx 
We can reduce the interval in which we search for solutions because the k, values must satisfy 
wni < kz < con 2;  
if ni<n3. The wavenumber k, is related to k, using equation (5.3) and vice versa. 
Finally the effective refractive index for the waveguide mode can be calculated, which is defined 
as in equation (5.6), where k0 is the wavenumber in vacuum. 
k, 
neff  7c4; (5.6) 
It should be noted, that the total phase change of a wavefront travelling from the sl-c2 interface 
to the s2-63 interfaces and back again must be a multiple of 27r. This is to avoid a decay of the 
intensity due to destructive interference as the wave travels through the guide. Therefore the 
solutions of Maxwell equations and the corresponding boundary conditions require that neff has 
only certain discrete values [121]. The waveguide modes are numbered with the parameter p 
(equation (5.5)). 
(5.4) 
Figure 5-6: 	a) Calculated TE-waveguide modes for a 100nm ITO layer sandwiched between air and silica. b) 
Corresponding electric field distribution Ey for X0=430nm. 
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Knowing neff the other parameters such as a,, ti) and Al can be determined, and we can go back to 
equations (5.2) to calculate the electric fields as a function of x. As an example we show the 
calculated TE-waveguide modes for a slab waveguide consisting of 100nm ITO (medium 2), 
sandwiched between air (medium 1) and silica (medium 3) in Figure 5-6a. The electric field 
distribution is presented in Figure 5-6b. 
Figure 5-7: 
	Calculated effective refractive indices of TE- and TM-waveguide modes of a planar 100nm thick 
ITO layer sandwiched between air and silica (solid lines). The dashed lines show the Bragg 
condition for the grating periods, 260nm and 420nm, and different grating orders. The blue 
circles indicate the predicted coupling positions to the waveguide resonances. 
In Figure 5-7 we present the TE- and TM- waveguide modes calculated on the same geometry 
(100nm ITO sandwiched between air and silica). In the experimentally studied grating structures 
(cf. section 3.2) light couples to waveguide modes in the ITO layer via the grating arrangement of 
the subwavelength metal particles (cf. section 4.2.3). We use the results obtained from the 
simple slab waveguide model to obtain an indication for the spectral positions of the waveguide 
resonances in the far-field spectra. The waveguide dips are expected to appear close to the 
crossing points of the calculated TE-and TM-waveguide modes with the Bragg condition (cf. 
equation (4.2)). This is illustrated in Figure 5-7. Here the grating angle y is zero so that equation 
(5.7) was used. 
lm~ +1 	 (5.7) 
neff 	A 
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A comparison of these predictions with the experimentally obtained values will follow in section 
6.2.1. We will see that the planar waveguide model is very useful, and that we obtain good 
agreement with experimental results. 
5.3 Rigorous coupled wave analysis (RCWA) 
Rigorous coupled wave analysis (RCWA) treats the diffraction of light from periodic media, and is 
based on the Fourier expansion of fields in a periodic structure [134]. The model can be used to 
calculate the reflected and transmitted fields but also other interesting parameters can be 
obtained, e.g. the stored energy. 
5 E3 
Figure 5-1b: 	Schematic of geometric structure governed by RCWA. 
We will use the model to show the energy distribution inside a grating structure, to investigate 
the impact of lattice spacing onto the far-field response and to extend our theoretical studies to 
inhomogeneous optical surroundings namely thin films with different refractive indices. For 
describing the RCWA model we will loosely follow references [135] and [136]. The RCWA 
computation code used for this thesis can calculate a variety of 2D geometries, and was written 
by Paul Stavrinou [135]. Here we use the code on subwavelength gratings consisting of infinite 
metal stripes. We refer to these gratings as '1D grating'. This way they are distinguished from 
gratings consisting of metal particles arranged in a 2D square lattice which we labelled '2D 
grating'. 
We will restrict our treatment to time-harmonic fields F(x,y, z, t) = Re[F(x, y, z) exp(—it.ot)]. 
Since the geometric structure (Figure 5-1b) is independent of the y-coordinate, the electric and 
magnetic field components are only variables of x and z, E E E(x,z) and H H(x,z). The 
incident radiation is s-polarised when the electric field is orientated along the y-direction and p- 
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polarised when the magnetic field is orientated along the y-direction. In RCWA the periodic 
structure is divided into three subdomains: the superstrate (x<0), the grating region (0 ._ x 
c)and the substrate (x>c) (Figure 5-1b). Maxwell's equations (5.8) and (5.9) are solved for each 
domain separately, with subsequent matching of the solutions at the interfaces x=0 and x=c to 
determine the integrating constants. 
curlE(r, t) = ico it0H 	 (5.8) 
cur1H (r, 0 = —icueoe(x)E 	 (5.9) 
The grating structure is periodic (grating constant A) and infinite, which means that a translation 
in the z-coordinate from z to z+A multiplies an incident wave by the phase factor elkoniAsin0 
Here n1  is the refractive index in the superstrate region. Due to the periodicity the space variables 
can be expressed using a Fourier expansion as shown in equation (5.10), where f is a Fourier 
coefficient independent of z, and icz,, and icx are calculated as in equations (5.11) and (5.12) 
respectively. The relations in equation (5.11) are called Floquet conditions. 
+00 2n 
F(x, z) = Z L(x)eis-A-z  
+cc 
i. e., Hy(x, z) = 	 fs(x)elkzAz 
(5.10) 
s=— co 	 5=—co 
27r 	27r 
%sin° — s  k z,n = —, AO A 
(5.11) 
kx,n = 2\1/2 —i(qs — El ko) 
(Eiq— kL)1/2  1 , for EA > 14, 
, for eiki < kis 
(5.12) 
In the superstrate and substrate domain, which have homogeneous permittivities, a Rayleigh 
expansion can be used to calculate the Fourier coefficient fs(x). As an example we show the 
expansion for the magnetic field when the incident plane wave is p-polarised (equation (5.13)). 
The resulting H-field has only a component in the y-direction. For numerical computations, it is 
necessary to truncate the infinite field expansion. 
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z) = 	(C+,seliCX'S X  C—,se—ikx;s1eilcz,nz 
	 (5.13) 
s=—N 
In the grating domain,0 x c (Figure 5-1b), the permittivity s is a function of z but not of x, 
E 	E(z). The permittivity varies periodically in z-direction, and is expanded in a Fourier series as 
shown in equation (5.14), where G=27r/A. 
E(z) = 	ehe ihGz 
	 (5.14) 
h=—N 
Equation (5.14) leads again to a separation of the x and z variables and to reduction of the 
problem to a set of ordinary differential equations for the Fourier amplitudes fs(x), which are 
coupled (unlike in the case of the superstrate and substrate domains) [136]. The magnetic field 
can be expressed as in equation (5.15), where the field amplitude denotes the sth space 
harmonic. 
Hy (x, z) = tkzAz 37,s 
s=—N 
(5.15) 
Corresponding expressions, involving space harmonics, may be also introduced for the electric 
field components. Coupled wave equations for the grating region can be constructed according 
to Maxwell equations using equations (5.14) and (5.15), which reduces the solving of Maxwell's 
equations to an eigenvalue problem. The reflected and transmitted field amplitudes can then be 
obtained by applying boundary conditions at the layer interfaces [135, 136]. Once the electric 
and magnetic field intensities are calculated other interesting parameters can be shown, e.g. the 
stored energy inside a structure (equation (5.16)). The stored energy is more precisely the mean 
value of the electromagnetic part of the internal energy per unit volume [62, 137]. In equation 
(5.16) [137] it is considered that the permittivities of the metal are negative. 
= Re (1 dcoE(co) 	) 
W(x,z; co) 	 1E12 + 2 /21 /12  clo) 
(5.16) 
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In the RCWA simulations the error from truncating the Fourier expansion should be in balance 
with the accuracy of the numerical computation and the computation time. The choice of the 
number of expansion terms (2N+1) depends on the problem, for instance on the incident 
polarisation or the minimum feature size. For near-field quantities such as streamlines of the 
Poynting vector several hundred expansion terms are needed [135]. However for calculating far-
field parameters such as the transmission of the gratings (cf. Figure 5-1b) we use N=30 as we 
found that this gives sufficiently accurate results. The obtained transmission values are correct 
within 0.3% when compared to calculations with 80 expansion terms. With N=30 the calculation 
time for the transmission in a spectral range 400nm to 980nm is approximately 100s (e.g. Figure 
5-9). If N=80 was used the computation time would increase tenfold. In Figure 5-8 we show the 
grating structure that we will simulate with RCWA in the following subsections. In the simulations 
we collect the light from all grating orders. 
Air 
Figure 5-8: 	Grating structure and assignment of parameters for RCWA calculation. The stripe width a is 
120nm. The metal stripes are infinite in y-direction. 
5.3.1 Energy distribution in a 1D grating structure 
Plasmon resonances on subwavelength metal particles lead to a large confinement of 
electromagnetic energy at the metallic structure [3, 92]. This was indirectly confirmed by results 
presented in section 5.1 where we performed MLWA calculations on single gold particles, and 
showed that the plasmon resonance is hugely influenced by the metal particle size and shape (cf. 
Figure 5-3). However structures in our experimental investigations comprise a grating geometry. 
Here we use RCWA to illustrate how the grating geometry influences the energy distribution. 
We modelled the transmission (T) for a 1D grating structure such as shown in Figure 5-8. Then we 
calculated the stored energy (equation (5.16)) inside the grating structure at the spectral position 
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of the waveguide resonance and the particle plasmon resonance. As in the experiment the 
grating period was chosen to be 260nm. The metal stripe width was set to 120nm which is 
approximately the dimension of the in-plane principle axes of the subwavelength particles (cf. 
Table 3-1 in section 3.4.2). 
0.8 
0.7 
0.6 
17 
0.5 
0.4 
0 3 
400 	500 	600 	700 	800 	900 
Wavelength (nm) 
Figure 5-9: Spectrum, 1 minus transmission, obtained from RCWA calculations on grating structure as shown 
in Figure 5-8. The grating period A is 260nm. The highlighted spectral positions are k Wavegu ide=  
414nm and A. --plasmon=648nm- 
0 A 2A 3A 0 A 2A 3A 
Distance z 
	
Distance z 
a) 
	
b 
Figure 5-10: 	Calculated stored energy W(x,z) inside a 1D grating structure (RCWA). a) at the spectral position 
of the waveguide resonance (2 =414nm) and b) at the spectral position of the plasmon resonance 
(?u=648nm). The light areas correspond to high energy, dark areas to low energy. The red thin 
lines indicate the grating geometry. 
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In the spectrum, plotted as 1-T (Figure 5-9), the spectral position for the waveguide resonance 
was found to be 414nm and for the plasmon resonance 648nm. Figure 5-10 shows an x-z map of 
the stored energy at the two spectral positions. The waveguide resonance clearly exhibits the 
expected standing wave pattern inside the ITO layer [88]. At the spectral position of the plasmon 
resonance the energy is very much confined inside the metal structure. The calculations 
substantiate a large localisation of resonant plasmon fields at subwavelength metal 
nanostructures for grating dimensions similar to those in the experimental investigations of this 
thesis. 
5.3.2 Impact of metal structure spacing on the plasmon resonance 
In literature the guidance of electromagnetic energy due to near-field coupling of plasmon fields 
between subwavelength metal particles has been reported [138-140]. In this section we 
investigate whether we should expect a near-field coupling effect in our experimentally studied 
set of metal gratings. We do that by performing RCWA calculations on 1D metal grating structure, 
and adjusting the spacing between identical metal stripes. The results suggest that near-field 
coupling effects can be neglected when analysing the far-field spectra of our experimental 
investigations. 
We have modelled the transmission (T) of grating structures such as shown in Figure 5-8. The 
stripe width was set to be 120nm and the grating period was adjusted between 140nm and 
320nm, which means that the distance p between the edges of the metal stripes ranges from 
20nm to 200nm. In Figure 5-11a we show the corresponding spectra as 1-T. It is apparent that if 
the particles are very close to each other the plasmon feature is red shifted and broadened. If the 
metal stripes are further apart the plasmon peak also red shifts but is not broadened. 
In metal particle chains near-field coupling can cause red shifts of the plasmon resonance when 
the incident light is polarised parallel to the chain [139, 141]. This has been explained with an 
overall reduction of the restoring force (cf. section 4.2.1) [3]. Inversely light polarised 
perpendicular to the chain leads to blue shifts [3, 139]. The red shift for small distance p in Figure 
5-11a can therefore be attributed to near-field coupling between the metal stripes. 
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For larger distances between the particles the presence of the diffraction edge starts to alter the 
shape of the plasmon resonance and induces a red shift of the peak maximum (see also 
experimental results, e.g. Figure 4-1c). Importantly there is no significant difference in the 
plasmon resonance position when the distance p between the metal features varies from 110nm 
to 140nm. Therefore it seems to be justified for this distance interval to neglect near-field 
coupling between the metal structures. In the 'non-diffractive' grating structures the metal 
particles are also approximately 110nm to 140nnn apart from each other. The RCWA data 
indicate that near-field coupling will be not important for analysing the far-field spectra of these 
structures, and therefore reinforce results based on MLWA modelling that were presented at the 
end of section 5.1 (cf. Figure 5-4). 
Figure 5-11: Impact of distance between metal stripes on plasmon resonance. Calculations with RCWA. The 
stripe width was fixed 120nm but the distance p between the stripes was varied (inset). a) 1 
minus transmission spectra with different distances p. The dashed line corresponds to peak 
maxium found for p=110nm and was introduced for guidance. b) Corresponding plasmon peak 
maxima as function of p. 
5.3.3 Impact of titanium wetting layer on the plasmon resonance 
The subwavelength metal gratings studied experimentally in this thesis also comprise a titanium 
wetting layer (cf. Figure 3-2). We have highlighted previously that the electromagnetic fields are 
largely confined at the metal particles when the incident light couples to the plasmon resonance 
(cf. Figure 5-10). Titanium has a permittivity with a large imaginary part (appendix A2, Figure 
A2.2b) and is thus a lossy metal. As it is placed adjacent to the gold layer it would be expected 
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that the wetting layer significantly influences the plasmon resonance of the subwavelength metal 
gratings. 
Here we investigate the impact of the titanium wetting layer on the plasmon resonance of a 1D 
grating system by means of RCWA modelling. We know from AFM images that the overall 
thickness of the metal particles in the grating structures is 34±4 nm (cf. Figure 3-12b). Hence it 
was decided to leave the overall thickness of the metal structure constant at 3Onm but to vary 
the ratio of the gold and titanium thicknesses. Otherwise the modelled system is the same as 
presented in Figure 5-8. The diffraction edge is spectrally well tuned out of the plasmon peak as 
A is 260nm. The extinction cross section spectra (equation (4.1)) have been calculated using a 
transmission spectrum of 100nm ITO on silica as a reference. 
Wavelength (nm) 
Figure 5-12: 
	
Investigation of influence of titanium wetting layer via RCWA modelling on a 1D grating system 
(Figure 5-8). Extinction cross section spectra with varying metal ratios. The overall metal 
thickness is 30nm, but the ratio between the gold thickness dAu and the titanium thickness dTi 
was varied (inset). 
In Figure 5-12 the extinction cross section spectra for different metal ratios are presented. The 
data illustrate that the titanium layer significantly quenches and broadens the plasmon 
resonance. For instance we can compare the case for having no titanium layer with the case of 
having a 10nm titanium layer. Upon the introduction of the wetting layer the plasmon resonance 
red shifts by 6nm (blue curve in Figure 5-12), and the peak intensity is quenched by —28%. The 
full-width-half-maximum (FWHM) of the plasmon peak was extracted by fitting a Lorentz 
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function in the wavelength interval from 500nm to 980nm. Without the wetting layer the FWHM 
is 177nm whereas the presence of the titanium wetting layer broadens the peak giving a FWHM 
of 423nm, an increase of —140%. Experimentally FWHM for the plasmon peak on the 2D 'non-
diffractive' gratings were found to be in between 200-300nm. On the basis of the presented 
calculations it is expected that the large FWHM of the plasmon feature observed in the 
experiments is to a great deal induced by the titanium wetting layer. The broadness of the 
plasmon peak is relevant if such types of grating structures are to be used in refractive index 
sensing applications, where usually sharp spectral features are desired in order to obtain a high 
figure of merit (equation Figure 2-8). This will be further discussed and assessed in chapter 7. 
5.3.4 The waveguide in a 1D grating geometry 
In this section we use the RCWA model to study a waveguide in a 1D grating geometry. The 
model goes further than the asymmetric waveguide calculations presented in section 5.2 
because with RCWA we can include the grating directly. We will show how the far-field spectra 
are influenced by the presence of a waveguide, and will demonstrate how the resulting 
waveguide dip in the far-field spectra is influenced by the incident polarisation. 
One-dimensional metal gratings (Figure 5-8) with two different ITO layer thicknesses, 30nm and 
100nm, were modelled. A 30nm ITO film is too thin to allow waveguide modes; in a 100nm film 
waveguide modes will be present. Figure 5-13 shows the corresponding extinction cross section 
spectra for varying angle of incidence 0. It is clear that the presence of the waveguide mode 
manifests itself as troughs (grey areas) that are not visible for the thin ITO layer. This observation 
will be relevant later in section 6.2.3 where we experimentally investigate an effect that we refer 
to as 'waveguide switching' in a 2D grating structure. In Figure 5-14 we present the dispersion 
map, i.e. top view on the extinction cross section as a function of angle and wavelength, for the 
structure with the waveguide (ITO thickness 100nm). As expected from the Bragg condition 
(equation (4.2)) we see a 'cross-like' behaviour for the spectral position of the waveguide (cf. 
Figure 4-6). 
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Figure 5-13: 	Calculated extinction cross section spectra for 1D grating structure with 30nm ITO layer (black) 
and 100nm ITO layer (red). The incident light is p-polarised. For clarity the spectra for angles of 
incidence 8 larger than 25° were offset each by 0.05 on the y-axis. The grey areas indicate the 
impact of the waveguide resonance on the spectrum. 
Figure 5-14: 	Dispersion map for a 1D grating geometry (A=420nm) showing the extinction cross section as a 
function of angle of incidence and wavelength. (It is the same structure with the 100nm ITO layer 
as in Figure 5-13). 
- 97 - 
r 
p-polarised 
s-polarised 
E-model 
TM-mode 
CHAPTER 5 
When we change the incident polarisation from p- to s-polarised we observe that the waveguide 
dip in the extinction cross section spectra appears at different spectral positions for the 1D 
grating structures (Figure 5-15). We had assigned the expected positions for waveguide dip 
features in a grating arrangement in section 5.2, and know that the TE-waveguide mode will be 
seen at longer wavelengths in the extinction cross section spectra compared to the TM-
waveguide mode (cf. Figure 5-7). We conclude that for the 1D grating structure s-polarised light 
couples to the TE-waveguide mode, and p-polarised light to the TM-waveguide mode. As 
expected only p-polarised light couples to the plasmon resonance in a 1D grating structure [23]. 
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Figure 5-15: 
	Calculated extinction cross section spectra (RCWA) for 1D grating structure for p- and s-
polarisation of the incident plane wave. The modelled system is the same as shown in Figure 5-8 
with a grating constant A of 260nm. 
The coupling to TE- and TM-waveguide modes in a 1D grating can be further illustrated by 
drawing schematically the electric and magnetic field orientations of the incident plane wave for 
the two polarisations (Figure 5-16). For s-polarised light the grating splits the H-field into a H, and 
Hy component. As the E-field, the H-field and the k-vector form vectors that are perpendicular to 
each other, this means the k-vector obtained a k,-component, which can now match the k,-value 
of the waveguide mode at a specific wavelength. The coupling with p-polarised light can be 
explained similarly but here the grating affects the x-component of the E-field. These 
considerations will be important for understanding the coupling processes to waveguide modes 
in a 2D grating system (cf. sections 6.2.2 and 6.2.3). 
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Figure 5-16: Schematic for visualising the coupling to waveguide modes in a 1D grating structure in 
dependence of incident polarisation. a) Top: Field orientation of incident plane wave for s-
polarisation. Bottom: Schematic of for field orientations for a TE-waveguide mode in a dielectric 
slab. b) Top: Field orientation for p-polarisation. Bottom: Schematic of field orientation of TM-
waveguide mode in a dielectric slab. 
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6 The gratings without top layer 
In Chapter 6 we address the question what governs the plasmon and waveguide resonance 
visible in the far-field response of the studied 2D subwavelength metal gratings (cf. Figure 4-1). In 
section 6.1 we focus our attention to 'non-diffractive' gratings where the plasmon and 
waveguide resonance are spectrally well separated to investigate what determines the plasmon 
resonance peak in the first place. In section 6.2 we will investigate possible interaction between 
the plasmon resonance and waveguide resonance. All extinction spectroscopy measurements in 
chapter 6 were performed on the bare grating structures, meaning we have no top layer and the 
refractive index of the superstrate is 1. Chapter 6 covers the ground work that is necessary for 
understanding chapter 7. (In chapter 7 we assess the suitability of the 2D subwavelength metal 
grating structure for refractive index sensing applications.) 
Figure 6-1: 
	Recall of rotation angles in the experimental setup: a) Angle a denotes the rotation of the 
polariser b) Angle 0 the rotation of the sample around the optical axis and c) Angle y the incident 
grating angle onto the sample. 
For convenience we recall the definition of the rotation angles a, p and y in the far-field 
transmission spectroscopy setup described in section 3.1. The angle a denotes the rotation of the 
polariser around the optical axis, angle p the rotation of the sample around the optical axis and 
angle y the incident grating angle. In section 3.3 we gave a detailed description of the used 
coordinate systems but a schematic is also shown in Figure 6-1. 
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6.1 The localised particle-plasmon resonance 
The main focus of the chapter will be on the 'non-diffractive' grating (cf. Table 4-1 in section 4.1). 
For this structure the plasmon resonance and the waveguide resonance are spectrally well 
separated in the far-field extinction cross section spectra. Consequently these structures are 
suited to investigate what governs the plasmon resonance in the first place. (The overlap 
between the plasmon resonance and the diffraction edge will be briefly mentioned but will be 
discussed more detailed in section 6.2. 
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Figure 6-2: Extinction cross section spectra measured for a 'non-diffractive' grating with varying grating 
angle y. a) Dispersion map a=0° and 13=0°. The incident light is s-polarised. Extinction cross 
section as a function of wavelength and grating angle y. b) Chosen extinction cross section 
spectra from dispersion map. For clarity the spectra are offset on the y-axis by 0.01. The dashed 
red line denotes the approximate position of the plasmon resonance and is for guidance only. 
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Figure 6-3: 	Plasmon resonance position of a 'non-diffractive' grating in dependence of incident grating angle. 
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The localised nature of the plasmon resonances in the 2D subwavelength metal grating 
structures can be well captured by performing far-field extinction spectroscopy with varying 
grating angle. We recorded the extinction cross section spectra for a 'non-diffractive' grating in 
an angle y range between -25° and +25°, measured in 5° steps. The data are shown in Figure 6-2. 
The spectral position of the plasmon resonance position shows a slight symmetric variation 
(spread of 5nm) but is otherwise unaffected when the grating angle is changed (Figure 6-3). The 
data suggests that the coupling to the plasmon modes is not governed by the grating 
arrangement but arises from the scattering on the small particles. We can assume that the 
electromagnetic energy is highly localised at the metal particles, similarly to the calculations 
presented on a 1D grating structure with RCWA in section 5.3.1 (cf. Figure 5-10). If the plasmon 
modes were grating coupled then we would expect a significant change in the spectral resonance 
position, forming a 'cross-like' feature. Latter can be seen for the waveguide resonance (grey 
shaded areas in Figure 6-2b). Hence the waveguide resonance is subject to a grating dispersion. 
The extinction cross section spectra for ±y (cf. Figure 6-1) can be considered to be identical which 
highlights the 2D symmetry of the structure. 
6.1.1 Impact of incident polarisation on plasmon resonance 
At the spectral plasmon resonance position large amounts of electromagnetic energy is stored 
inside the metal (cf. Figure 5-10). Hence it has to be expected that the plasmon resonance is 
influenced by the metal particle shape. It was shown previously via SEM images (section 4.2, e.g. 
Figure 3-9) that the metal particles have elliptical surfaces so that a change of the plasmon peak 
position can be expected upon sample rotation (cf. section 4.2.1). 
We recorded the extinction cross section spectra of a 'non-diffractive' grating when the sample is 
rotated around the optical axis. During the measurement we increased the rotation angle 13 from 
0° and 90° which means that the polariser orientation gradually moved from being parallel to the 
short metal particle axis a to being parallel the long particle axis b (cf. Figure 6-1b). The polariser 
remained fixed (a=0°) whilst the sample was rotated around the optical axis and the light 
encountered the sample at normal incidence (7=(0±1)°). The extinction cross section spectra are 
shown in Figure 6-4a, and we see that rotating the sample by 90° ((3) induces a —90nm red shift of 
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the plasmon peak position. To investigate how the shift correlates with the metal particle 
dimensions we took high magnification SEM pictures; one of which is presented in Figure 6-4b. 
The red cross indicates the orientation of the polarisation vector being aligned parallel to the 
grating edges. The angles 0° and 90° degrees were assigned accordingly. The main particle axis 
parallel to the grating edges are (115±5)nm and (135±5)nm (cf. Figure 3-11b and d). The 
investigation illustrates that the spectral position of the plasmon peak position is strongly linked 
to the particle dimensions. Here we have a difference of only —20nm in the main particle axes; 
still the plasmon peak position differs significantly (by —90nm). On the contrary the waveguide 
resonance is hardly affected by the incident polarisation because this coupling process mainly is 
governed by the grating period (cf. section 4.2.3) and as shown in section 3.4.1 the grating period 
can be considered to be the same along the y- and z-direction (cf. Figure 3-7). 
Generally the plasmon feature red shifts when the rotation angle 13 is increased (Figure 6-4a) and 
the feature broadness increases for intermediate angles and then decreases again. The maximum 
intensity dips slightly at f3=30°, and for this angle the peak shape is most asymmetric. It can be 
noted in the SEM-image (Figure 6-4b) that (depending on which metal particle is chosen) the two 
major axis of the elliptic-like particle surface could also be considered as being rotated by —15°. 
b) 
  
IMe • MOO ItM 	Im ri al College 
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Figure 6-4: a) Extinction cross section spectra of a 'non-diffractive' grating recorded with varying angles p. 
The polariser remained fixed (a=0°) whilst the sample was rotated around the optical axis. The 
light encountered the sample at normal incidence (y=(0±1)°). b) A SEM image of the sample. The 
red cross indicates the orientation of the polarisation vector being aligned parallel to the grating 
edges. The dashed cross shows an intermediate step for angle p. 
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We will apply the MLWA model to investigate what trends we would expect theoretically when 
an ellipsoidal particle is rotated under the polarisation vector (equivalent to a=0°, p varied). The 
polarizabilities a; and ar,, with the polarisation vector orientated parallel to the main particle 
axes a and b respectively (cf. Figure 3-4), are obtained as outlined in section 5.1. It follows from 
the superposition principle that the polarisability for the intermediate steps of p will be a 
superposition of 4, and aP,. It can be calculated as shown in equation (4.15). After using equation 
(4.15) the polarisability ap is inserted in equation (4.11) to calculate the extinction cross section 
spectrum. 
afl = aaPsin2p P + abcos2fl 
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Figure 6-5: 
	
MLWA extinction cross section spectra calculated for an ellipsoidal gold particle emerged in a 
homogeneous medium with n=1.2. The main particle axis are a=115nm, b=120nm and c=20nm. 
The parameter ri denotes the rotation angle of the particle around the optical axis (cf. Figure 
4-3). The orientation of the polarisation vector remained fixed. 
In Figure 6-5 the calculated extinction cross section spectra of an ellipsoidal gold particle in 
dependence of angle p are presented. The particle dimensions are a=115nm, b=135nm and 
c=20nm, the surrounding medium has a refractive index of 1.2. This is to keep as closely as 
possible to the experimental conditions. When the polarisation vector is orientated parallel to 
the main axes two clearly distinct plasmon resonances are observed whereas for the 
intermediate vector orientations the two peaks merge together. The lowest overall intensity in 
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the extinction cross section spectrum is reached for 13=45° due to the superposition of the two 
plasmon peaks. Despite predicting an overall smaller shift in the plasmon peak position (for 
reasons discussed in section 5.1), the MLWA results support the trends that were observed 
experimentally. In particular the MLWA model explains the change of peak shape that we found 
in the measurements. 
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Figure 6-6: Demonstration of the peak fitting procedure for experimentally obtained extinction cross section 
spectra. The data are the same as in Figure 6-4a. a) and d) One Lorentzian peak (red) was fitted 
when the polarisation vector was orientated parallel to the main 'in-plane' particle axes. b) and 
c) Two Lorentzian peaks (blue) were fitted for intermediate orientations of the polarisation 
vector. The red curve is here the superposition of the two fitted peaks. 
The experimental data in Figure 6-4a can be further analysed: A single Lorentz peak was fitted for 
the spectra that are attributed to the polarisation vector orientation parallel to the main particle 
axis, p=0° and 13=90° respectively. This way it was possible to extract the peak position and peak 
width for each peak. For the intermediate steps of 13 two peaks were fitted but the previously 
extracted peak positions and peak widths were kept constant. The peak areas (and an offset on 
the y-axis) were the only adjustable parameters. Figure 6-6 shows that the overall peak shape is 
reproduced well by the two Lorentz peaks. The data nicely illustrate the validity of the 
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superposition principle for plasmon resonances from elliptical metal particles. The good 
agreement of qualitative trends between the experimental data and a single particle model 
indicates that impact of radiative dipole-dipole coupling (cf. section 4.2.2) on the plasmon 
resonance in the experimental system is small. The plasmon peak can rather be seen as a 
convolution of several single particle resonances. 
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Figure 6-7: 
	
Extracted peak maxima of the two fitted Lorentz peaks as a function of angle. a) for the 
experimental data in Figure 6-4a b) for the calculated MLWA spectra in Figure 6-5. Peak 1 
denotes the peak at shorter wavelengths, peak 2 the one at longer wavelengths. 
The modelled MLWA data Figure 6-5 were fitted with two Lorentzian peaks analogue to the 
experimental spectra of the 'non-diffractive' grating. In order to compare trends between 
experiment and theory the peak heights of the two Lorentzians have been plotted for the 
measured and the calculated data. The peak heights follow a similar trend for theory and 
experiment (Figure 6-7). In the experiment the angle at which the peak heights are equal is 
approximately 8° smaller than in theory. It possibly means for this particular sample that on 
average the two major axis of the elliptic-like particle surface are rotated (compared to 
orientation of the 2D square lattice). This has been indicated for one particle in a SEM image in 
Figure 6-4b. As can be seen in the same figure the particle surface is not perfectly elliptical and 
each particle shape differs slightly from the other. These differences can be easily overlooked in 
the SEM images. With far-field spectroscopy we can extract an average number for how much 
the particle axes are offset. 
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Figure 6-8: 	Maximum values of the measured extinction cross spectrum spectra in Figure 6-4a as a function 
of angle 0. 
If such grating structures were implemented into applications, for instance refractive index 
sensing, the end user would want to obtain a result rather quickly. It is time-consuming to cross 
check the optical spectra with SEM images. Rather it has to be expected that a sensing array 
would be used with one certain polarisation (without checking each SEM image) and that the 
spectral position of the maximum in the extinction cross section would be determined. The 
recent data have demonstrated that this maximum will be a convolution of two peaks when the 
main metal particle axis is not orientated parallel to the polarisation vector. The end user might 
measure a 'perceived peak maximum' for a certain polarisation. Depending on the polarisation 
onto the asymmetric subwavelength metal particle the maximum values in the extinction cross 
section spectra form a 'S'-like shape. In Figure 6-8 the extracted values from Figure 6-4a are 
exemplarily shown as a function of rotation angle p. How the incident polarisation will affect the 
sensitivity towards refractive index changes of superstrate layers will be subject of section 7.1.5. 
We can obtain further evidence that the plasmon resonance position is governed by the metal 
particles rather than the grating arrangement by performing far-field spectroscopy on a 
'diffractive' (cf. Table 4-1 in section 4.1) grating and changing the grating angle y. The far-field 
extinction cross section spectra are shown in Figure 6-9b for y=0°, y=25° and y=25°. We know that 
for normal incidence (y=0°) the plasmon peak shape is significantly altered due to the spectral 
overlap with the diffraction edge. However when y=20° and y=25° the grating induced waveguide 
feature is tuned away from the plasmon resonance, and it is apparent that the plasmon peak 
position of the metal particles can be recovered. We can draw this conclusion because the 
position of the broad peak does merely shift for large angles of incidence (y.. 20°), which reflects 
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the angle dependence found for the localised particle-plasmon resonance on the 'non-diffractive' 
grating (Figure 6-9a). 
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Figure 6-9: 
	Extinction cross section spectra as a function of grating angle y: a) for a 'non-diffractive' grating 
and b) for a 'diffractive' grating. For clarity the spectra are offset by 0.02. The red lines were 
introduced for guidance. 
6.1.2 Reproducibility of plasmon peak in the extinction cross section spectra 
There are three parameters that affect the reproducibility of the plasmon peak in the extinction 
cross section spectra which are the alignment in the setup, whether the sample changes over 
time and the particle size distribution. From previous investigations we know that a misalignment 
of 1° for the incident polarisation (a or (3), cf. Figure 6-8, or for the grating angle y (Figure 6-3) 
would lead to about 1nm shift in the plasmon resonance. This value coincides with the resolution 
of the used monochromator so there is no major risk to shift the plasmon peak position due to 
misalignment. 
Impact of particle size distribution 
It is well known that that the plasmon peak red shifts with increasing metal particle size (cf. 
Figure 2-4a). Here we estimate the effect of the particle size distribution onto the plasmon peak, 
and approximate that the plasmon peak shift would depend linearly on the particle dimensions in 
- 108 - 
Wavelength (nm) 
0.00 
100 	110 	120 	130 	140 	150 	 400 	600 	800 	1000 
Particle axis (nm) 
a) 
800 
700 - 
0.03 
I • Experimental on 
'non-diffractive' grating 
0 02 
E 
0.01 
600 
Pl
as
m
on
  p
ea
k 
po
si
tio
n  
(n
m
)  
CHAPTER 6 
the subwavelength grating structure. For a 'non-diffractive' grating we measured a plasmon peak 
position of 655nm when (3=0° and of 750nm when P=90°. For the first case the polariser was 
orientated parallel to the short particle axis being 115±5nm and, for the latter case, parallel to 
the other main axis being 135±5nm. In Figure 6-10a the two experimentally measured points 
were interpolated linearly. Applying the values for the statistic standard deviation c of ±5nm for 
the particle axis lengths defines an interval 2AX, for the plasmon peak position. The interval is 
indicated in the experimental data in Figure 6-10b. 
Figure 6-10: Investigation of the impact of particle size distribution on the shape of the plasmon peak 
measured experimentally on 'non-diffractive' grating structures. a) The plasmon peak position 
obtained for polarising parallel to the short particle axis (i) and to the long particle axis (ii) has 
been fitted linearly as a function of axis length. The blue line is a linear interpolation of the two 
points. Applying the values for the statistic standard deviation a- defines an interval 2A1 for the 
plasmon peak position. b) The interval 2A? is indicated on the real experimental data. 
The graph immediately illustrates that the particle size distribution introduces an uncertainty in 
determining the plasmon peak position. Here the interval for possible plasmon peak shifts due to 
statistical particle size variations over the sample is "±25nm. This value is in the same order of 
magnitude as the difference between the two peaks in the plasmon feature that were visible 
when we illuminated a 'non-diffractive' grating with a light spot of only 4.1.m diameter (cf. Figure 
4-13a). For larger spot sizes the particle size distribution is subject to a Gauss function (cf. section 
3.4.2) which causes the resonances for particle dimensions far from the mean value to contribute 
less. Even if the Gauss distribution is not considered as in Figure 6-10b the interval for plasmon 
peak shifts induced by particle size distributions is rather small compared to the typical half width 
maximum of the plasmon peak. The half width maxima for the plasmon peaks of 'non-diffractive' 
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gratings normally exceed 200nm. Hence it can be concluded that it is not solely the convolution 
of the resonances from several differently shaped particles that causes the broadness of the 
plasmon feature, but that the resonance peak of individual metal particles already has a large 
width. These findings are in line with simulations presented in section 5.3.3, where we found that 
the plasmon resonance peak from a grating consisting of identically sized metal stripes is rather 
broad due to the presence of the titanium wetting layer. 
Stability of studies 
In Figure 6-11 we present experimental data on the same 'non-diffractive' grating. The sample 
has been measured at different times over a period of three years. No material was ever 
intentionally deposited on the grating and the sample used to be stored in a box. The spot 
diameter for these measurements was 800µm and for the presented cases no effort was made 
to place the light spot at exactly the same position onto the grating. The grating was measured in 
November 2006, July 2008 and September 2009. The plasmon peak was fitted with a single 
Lorentzian in an interval between 510nm and 1000nm. For the three measurements the found 
plasmon peak position was 652nm (2006), 654nm (2008) and 656nm (2009). These values are 
typical for the uncertainty that was found for determining the plasmon peak position. From 
measuring several samples over a period of time it was found that the peak maxima tend to 
fluctuate. A constant red shift that occurs over time could not be proven doubtlessly. It can be 
seen that the peak is rather flat at the top and also subject to some noise. The peak position 
given by the fitting procedure also depends by ±1nm on the chosen borders of the fitting interval. 
Overall it was found that the plasmon peak position can be reproduced within ±3nm. The error is 
rather small considering that the half width maxima for the plasmon peak of 'non-diffractive' 
gratings normally exceed 200nm. Still this error will surely have some impact on the selectivity 
and reproducibility when the grating structure is used to detect the refractive index of a top layer 
material (cf. section 7.1). Two materials with only small An might not be distinguished because 
the plasmon peak position cannot be determined unambiguously (cf. section 7.3). The spectral 
position of the waveguide resonance on the other hand could be determined within ±1nm for 
normal incidence, and was well reproducible over time (Figure 6-11). 
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Figure 6-11: 
	Extinction cross section spectra of the same 'non-diffractive' grating measured at different times 
over a period of three years. The Figure a) shows the plasmon resonance and Figure b) the 
waveguide resonance. 
The different sensitivity of plasmon and waveguide resonance in the spectral far-field response is 
linked to the localisation properties of electromagnetic fields. We have shown previously on a 1D 
grating geometry (RCWA) that at the spectral position of the plasmon resonance the 
electromagnetic energy is highly localised inside the metal structures (Figure 5-10b). 
Consequently the plasmon resonance condition is expected to change quite drastically when the 
immediate environment of the metal particle (e.g. possible adsorptions on the particle surface 
[142, 143]), the metal particle geometry [83] or the polarisation of light onto asymmetric metal 
particles is changed [79, 81, 82]. On the other hand the waveguide fields are less localised in the 
grating structure (Figure 5-10a) and the grating constant of the samples is fixed. Hence small 
changes in the vicinity of the metal particles have less impact on the resonance condition. 
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6.2 Interaction between plasmon and waveguide resonance 
Localised surface plasmon resonances are phenomena that can already be observed on single 
subwavelength metal particles [1]. However the structures studied in this thesis (cf. section 3.2) 
are more complex, comprising subwavelength metal particles arranged in a 2D square lattice 
supported on a waveguiding layer. The 'non-diffractive' and 'diffractive' grating structures in 
combination will allow a systematic investigation of a possible interaction between grating 
induced spectral features and the localised particle-plasmon resonance. In literature it was rightly 
pointed out that an ITO layer, such as present in the grating structures investigated here, makes 
the analysis of the far-field extinction cross section spectra complicated [26]. However here we 
will try to rise to the challenge and to assess the impact of the waveguide resonance in the ITO 
layer on the far-field response of the measured systems. We will demonstrate that this is possible 
by exploiting the 2D nature of the grating. 
To assess the influence of the waveguide we have measured the full dispersion of the 
subwavelength metal gratings with the transmission setup described in section 3.1. For 
convenience we recall the definitions of the rotation angles a, f3 and y. Angle a denotes the 
rotation of the polariser, angle (3 the rotation of the sample around the optical axis and angle y 
the incident grating angle onto the sample. When the angle a is 0° we have s-polarised light, for 
a is 90° the incident light is p-polarised. A systematic illustration for the angle definitions can be 
found in Figure 6-1. 
Figure 6-1 Recall of rotation angles in the experimental setup: a) Angle a denotes the rotation of the 
polariser b) Angle 13 the rotation of the sample around the optical axis and c) Angle y the incident 
grating angle onto the sample. 
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6.2.1 Dispersion maps with varying grating angle 
Figure 6-12 recalls the dispersion map and extinction cross section spectra of a 'non-diffractive' 
grating from section 6.1. The incident light for these measurements was s-polarised and the 
rotation angle around the optical axis (3 remained 0°. In section 6.1 we used these investigations 
to establish that the plasmon resonance is a localised effect but now we want to focus our 
attention towards the behaviour of the waveguide dip. 
6e,, Gan') 
Figure 6-12: 
	Measured extinction cross section spectra with s-polarised incident light on a 'non-diffractive' 
grating. a) Extinction cross section as a function of wavelength and grating angle y. b) Selected 
spectra from the dispersion map. The dashed grey line denotes the approximate position of the 
plasmon resonance and is for guidance only. 
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Figure 6-13: a) Spectral positions of the waveguide resonance as function of k,. The positions (red circles) 
have been extracted from the data presented in Figure 6-12 (black lines for guidance). The dotted 
grey curves were calculated using the Bragg condition (4.2) and n of the TE-waveguide mode in 
a planar slab. b) Schematic of grating coupling process in a 10 system (cf. Figure 4-6, section 
4.2.3). The dotted red rectangle highlights the 'cross-like' shape found in the experimental data. 
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The experiment clearly shows that the spectral position of the waveguide dip is a function of 
angle forming a 'cross like' shape (Figure 6-13a). Such behaviour is expected for a grating 
coupling process due to Bragg reflections from the reciprocal lattice points G, and has been 
illustrated schematically for a 1D system in Figure 6-13b (cf. Figure 4-6). The dotted grey curves in 
Figure 6-13a were calculated using the Bragg condition with the (1,0) grating order (cf. equation 
(4.2)) and neff of the TE waveguide mode in a planar slab (cf. Figure 5-6a). As expected there is a 
small shift in the actual spectral positions of the waveguide resonance because the grating was 
not included in calculating the waveguide modes (cf. section 5.2). However the 'cross-like' shape 
is well reproduced in the experiments so that the results confirm the grating coupling process to 
the waveguide. 
In
ci
de
nt
  a
ng
le
  (
°)
  
a) 
400 
	
600 	800 
	
1000 
Wavelength (nm) 
400 	600 	800 
	
1000 
Wavelength (nm) 
Figure 6-14: Measured extinction cross section spectra with s-polarised incident light on a 'diffractive' grating. 
a) Extinction cross section as a function of wavelength and grating angle y. b) Selected spectra 
from the dispersion map. The dashed grey line denotes the approximate position of the plasmon 
resonance and is for guidance only. The circles indicate the waveguide coupling positions (red: 
(1,0) grating order, blue: (1,1) grating order). 
As pointed out earlier for the 'diffractive' grating the spectral overlap of the particle-plasmon 
resonance and the waveguide resonance to a partial suppression of the plasmon peak and 
spectral intervals of high transmission (cf. Figure 4-1c, cf. section 4.2.3). In Figure 6-14 we show 
measurements of a 'diffractive' grating which demonstrate how these phenomena are influenced 
by the grating angle. As for the 'non-diffractive' grating (cf. Figure 6-12) the experiments were 
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performed with s-polarised light and with rotation angle 13=0°. The range for the grating angle y 
governed -25° to +25°, measured in 5° steps. The dispersion map shows again 'cross-like' features 
as expected from the Bragg condition (equation (4.2)). Here the diffraction edge is swept through 
the plasmon resonance, and for larger angles of incidence the extinction cross section spectra 
exhibit sharp peaks on the evancescent side of the diffraction edge. As already established in 
section 6.1.1 the localised particle plasmon resonance re-emerges for large grating angles 
y > 20°, and we have indicated the approximate localised plasmon resonance position with a 
grey dashed line in Figure 6-14b. For y=25° we observe a sharp spectral feature at -800nm. The 
way the sharp feature emerges out of the plasmon feature for increasing angles y suggests that 
some coupling between the plasmon and waveguide resonance occurs. 
In section 5.1 we used a semianalytical model (e.g. [17, 48, 84, 117, 118]) to investigate radiative 
far-field coupling effects between metal particles in a 2D square lattice. The model predicted 
sharp line features in the optical far-field response due to dipolar coupling of neighbouring 
particles (cf. Figure 5-4). In the model the metal particles are embedded in a homogeneous 
matrix. It was initially believed and suggested that an homogeneity of the optical environment is 
essential for observing these sharp line shapes [26]. In Figure 6-14 we have demonstrated 
experimentally that narrow line features can also be observed in inhomogeneous surroundings 
which is in line with findings presented recently by Vecchi and co-workers [22]. The dispersion 
map in Figure 6-14a also highlights the 2D nature of the gratings because we can clearly identify a 
second cross at short wavelengths (-470nm, for y=0°). We will show below that the feature can 
be attributed to the (1,1) grating order (cf. equation (4.2)). Therefore it is not observed in 
dispersion maps obtained from 1D RCWA modelling (cf. Figure 5-14). 
The experimentally found positions for the waveguide resonances can be assigned using the 
simplified waveguide model on an asymmetric planar slab that was outlined in section 5.2. (The 
material parameters used are plotted in the appendix A2.) The effective refractive indices for the 
TE- and TM-waveguide modes were calculated for a 100nm planar ITO waveguide layer 
sandwiched between silica and air (cf. Figure 5-7). In Figure 6-15 the results are presented 
together with the Bragg condition (cf. section 4.2.3) (dashed) for different grating constants and 
grating orders (angle of incidence y=0°) (cf. equation (5.7)). 
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Ao \hit + id 
neff = 	 
A 
(5.7) 
The crossing points between the effective refractive indices from the planar waveguide model 
and the Bragg condition give an indication for the spectral position of the waveguide resonance, 
and appear to agree well with the experimental positions (Figure 6-15). We can assign the dips in 
the extinction cross section spectra as follows: For the 'non-diffractive' grating (Figure 6-12) the 
dip at 391nm and 426nm can be attributed to TM- and TE waveguide modes respectively. For the 
'diffractive' grating (Figure 6-14) the dips at —470nm and —630nm are TE-waveguide modes for 
the (1,1) and (1,0) grating order respectively. Figure 6-15 indicates that we should also see the 
(1,1) TM-waveguide mode at — 450nm. Indeed in the dispersion map (Figure 6-14a) a third 'cross' 
is just about visible at —435nm (for y=0°). 
400 450 500 550 600 650 
Wavelength (nm) 
Figure 6-15: Calculated effective refractive indices of TE- and TM-waveguide modes of a planar 100nm thick 
ITO layer sandwiched between air and silica (solid lines). The dashed lines show the Bragg 
condition for the grating periods 260nm and 420nm for different grating orders. The green circles 
indicate the theoretical coupling positions to the waveguide modes. The red circles show which 
coupling positions were found experimentally on the 2D subwavelength metal gratings. 
6.2.2 Impact of incident polarisation on waveguide resonance 
For the 'non-diffractive' gratings we have shown that the incident polarisation has a significant 
impact on the spectral position of the plasmon resonance due to the asymmetry in the 
subwavelength metal particle shape (cf. Figure 6-4a). On the contrary the position of the 
waveguide dip was hardly affected (cf. Figure 6-4a). For the 'diffractive' grating the superposition 
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with the waveguide resonance means that the shape of the plasmon feature is significantly 
altered (Figure 6-16a). The plasmon feature red shifts for normal incidence (7=0°) when the 
electric field orientation moves from short ((3=0°) towards long metal particle axis ((3=90°) (Figure 
6-16a), which is consistent with the results from the 'non-diffractive' grating (Figure 6-4a). The 
position of the waveguide dip is hardly affected by the incident polarisation, which again was also 
found for the 'non-diffractive' case (Figure 6-4a), and suggests the grating period is indeed 
square. 
A very different behaviour for the waveguide resonance is observed when the grating angle is set 
fixed at 7=25° but the polariser is rotated (a) (whilst the sample does not move ((3=0°)). The 
extinction cross section spectra are presented in Figure 6-16b. The incident light was changed 
from being linearly s-polarised (a=0°) to linearly p-polarised (a=90°). As expected the plasmon 
resonance (black arrow) red shifts as a was increased up to 90° but also several troughs in the 
spectra appear and disappear. From previous investigations on 'diffractive' gratings we know that 
the troughs at —475nm and —780nm can be associated to the waveguide resonance that forms a 
'cross-like' feature when the grating angle is changed and a,r3=0° (cf. Figure 6-14). The positions 
are marked with red arrows in Figure 6-16b. When the polarisation angle changes from s- to p-
polarised these troughs disappear whereas new troughs emerge (green arrows). 
b) 
400 
	
600 	800 
	
1000 
Wavelength (nm) 
0 DO 
Figure 6-16: 
	
Impact of incident polarisation on extinction cross section spectra of 'diffractive' grating. a) The 
grating angle y was fixed at 0°, the polariser set at a4°. The sample was rotated around the 
optical axis. b) The grating angle y was fixed at 25°. The polariser (a) was rotated whilst the 
sample remained fixed ((34°). 
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The disappearance and emergence of troughs in the extinction cross section spectra was further 
investigated by recording the dispersion maps for a 'non-diffractive' and a 'diffractive' sample 
with p-polarised light (a=90°). The dispersion maps are shown in Figure 6-17. For the 'non-
diffractive' grating (Figure 6-17i) the coupling to the TM-waveguide mode (a) results in a 'cross-
like' shape whereas the coupling to the TE-waveguide mode (b) does not. This in contrast to 
results presented previously obtained with s-polarised light where the coupling TE-waveguide 
mode gives a 'cross-like' behaviour (Figure 6-12a). 
400 500 600 700 800 900 1000 	400 500 600 700 800 900 1000 
Wavelength (nm) 
	
Wavelength (nm) 
Figure 6-17: 	Dispersion maps with p-polarised light (a=90°) and the sample turned around the optical axis by 
0=90°. The data are the experimental extinction cross section spectra as a function of wavelength 
and grating angle y. i) 'Non-diffractive' grating ii) 'Diffractive' grating. The assignment of the 
different features a)-f) can be found in the text. 
For p-polarisation on the 'diffractive' grating (Figure 6-17ii) we observe 'cross-like' features 
originating from the (1,1) grating order for a TE-waveguide resonance (c) and a TM-waveguide 
resonance (d), a double dip feature that scarcely changes its spectral position for varying grating 
angles at approximately 630nm (e), and very vaguely a feature that resembles the 'cross-like' 
shape that was observed for s-polarisation from a TE-waveguide resonance (f). Clearly the 
coupling to the waveguide modes is affected by the incident polarisation when the grating angle 
is not 0°. The observed behaviour must be linked to the 2D nature of the metal particle grating. 
6.2.3 Waveguide switching in a 2D grating geometry 
For explaining the dispersion maps (Figure 6-17) we will focus only on the waveguide resonances 
originating from the (1,0) grating orders. For a 'non-diffractive' grating we observed a TE- and 
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TM-waveguide resonance in the extinction cross section spectrum (Figure 6-12, Figure 6-15 and 
Figure 6-17a), whereas for a 'diffractive' grating (A=420nm) we only expect to observe a TE-
waveguide resonance as the TM-waveguide mode cuts off before momentum matching can be 
fulfilled (cf. Figure 6-15). In a 2D grating the momentum matching to couple into waveguide 
modes can be fulfilled in two directions, namely here the y- and the z-direction. This is illustrated 
in Figure 6-18. 
Metal particles 
x 
Waveguide mode 
z-direction 
tr sd  
ergot e."7  flook 
Waveguide mode in y-direction 
ITO layer 
Figure 6-18: 	Schematic for illustrating waveguide coupling in y- and z-direction for a 2D grating. 
In Figure 6-19 we show a schematic of the electric and magnetic field components for s- and p-
polarisation and corresponding possible waveguide modes for the 2D grating case. The figure 
highlights, that s-polarised light can couple to both a TE and a TM waveguide mode. The same is 
true for p-polarised. For our coordinate system (for ct=0°, (3=o° and 7=0°) we would therefore 
expect to have a TE-waveguide propagating in z-direction (TE,) and a TM- waveguide propagating 
in y-direction (TM,,) when the incident light is s-polarised. Similarly when the light is p-polarised 
we expect a TM-waveguide along the z-direction (TM,) and a TE-waveguide (TE,,) propagating in 
the y-direction. 
In section 5.3.4 we have established theoretically with RCWA that the presence of a waveguide 
resonance results in deep troughs in the extinction spectrum (cf. grey shaded areas in Figure 
5-13). When looking at our experimental data for y=25° (Figure 6-16b) it becomes apparent that 
it is these troughs that disappear upon changing the incident polarisation direction in the 
experiment (red arrows in Figure 6-16b). Hence the coupling to a specific waveguide resonance is 
possibly 'switched off' (or at least been reduced) when the polarisation was changed from s- to p-
polarised. To understand the experimental results we need to investigate the dispersive 
dependence on the grating angle 7 for the four possible waveguide modes, TE„ TM,, TM, and TEy. 
- 119 - 
CHAPTER 6 
Coordinates  s-polarised:  
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Figure 6-19: 	Schematic of waveguide modes that can be excited with a 2D square lattice for a) s-polarised 
light and b) p-polarised light. All cases for normal incidence. 
Figure 6-19 illustrates that the grating must transform the incident field component parallel to 
the waveguide mode's propagation direction z (or y) such that the field also obtains a component 
into the x-direction As the E-field, the H-field and the k-vector form vectors that are 
perpendicular to each other, this means the k-vector obtains a k-component (or k, component), 
which can match the k, value(or ky-value) of the waveguide mode at a specific wavelength. 
Hence looking at the projected field components parallel to the waveguide's propagation 
direction seems to be the key for explaining the experimentally observed dispersive behaviour. 
Optic31 
ads 
w 
Rotation angle  
Figure 6-20: Illustration for how a field projection along the w-axis FW then projects onto the z-axis in the 
grating arrangement (denoted as F,). 
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For the study we fall back on the two coordinate systems that were originally defined in section 
3.3. The coordinate system (u,v,w) is fixed with the optical axis of the experimental setup and the 
coordinate system (x,y,z) is fixed within the grating. At first we consider the incident polarisation 
(angle a) and project the field components onto the coordinate system (u,v,w). The projection 
direction corresponds to the waveguide propagating direction for normal incidence which means 
the field F will be projected along the w-coordinate when the waveguide is propagating along z 
whereas it will be projected along the v-coordinate if the waveguide propagates along the y-
direction. Then the field components F. and F„,,, will be projected respectively onto the y- and z-
direction in the grating. As an example Figure 6-20 illustrates how the incident angle y changes 
the projection of a field component F,, onto the z-direction in the sample. The projection of F 
along z reduces with increasing angle y. 
 
s-polarised p-polarised 
   
Propagation along 
z-axis 
TEz: fi, = Hwcosy = ficosacosy 
a vanishes 
y: Position moves (grating) 
Ez = Ewcosy = Esinacosy 
a if: appears 
y: Position moves (grating) 
Propagation along 
y-axis 
TMy: Ey = E, = Ecosa 
a if: vanishes 
y: Position 'fixed' 
TEy: Hy = Hv = Hsina 
a 11: appears 
y: Position 'fixed' 
Table 6-1: 
	Dependence of the incident field projections along the TE and TM-waveguide propagation 
directions (z and y respectively) on rotation angles a (polariser) and rotation angle y (grating 
angle). Note: These are not the fields inside the grating structures but the projections of the 
plane wave before the incident light encounters the sample. 
The results of the outlined approach are shown in Table 6-1, where the electric and magnetic 
field amplitudes E and I-7 have been projected. The table highlights that the field projections 
needed for coupling into the waveguide modes TE, and TM„ which propagate in z-direction, are a 
function of angle y. Hence if they are coupled to they will exhibit a 'cross-like' shape in the 
dispersion map. On the other hand for the waveguide modes propagating along the y-direction, 
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TM, and TE,, the field projections along y are not a function of angle 7. Therefore we expect 
within this simplified model that their spectral positions remain fixed. The TE, and TK, mode will 
be excited when the incident plane wave is s-polarised. The coupling to these modes will reduce 
when the polarisation angle a is increased up to 90° (p-polarisation) and their dip features will 
vanish in the extinction cross section spectra. The TM. and TE,, modes are excited when the 
incident light is p-polarised. Here the coupling to the modes will increase when the polarisation 
angle a increases up to 90°. This analytical treatment enables us to assign most of the observed 
troughs in the experimental data. In Figure 6-21 we are collecting earlier presented dispersion 
maps altogether (cf. Figure 6-12a, Figure 6-14a, Figure 6-17) and show the full assignment of the 
waveguide modes. 
s-polarised 	 p-polarised 
400 500 600 700 800 	400 500 600 700 800 
400 500 600 700 800 
Wavelength (nm) 
400 500 600 700 800 
Wavelength (nm) 
Figure 6-21: 	Assignment of waveguide modes according to Table 6-1 on the experimental extinction cross 
section spectra. a) Dispersion maps for 'non-diffractive' grating. (left: s-polarised, (34)°, right p-
polarised, (3=90°) b) Dispersion maps for 'diffractive' grating. (left: s-polarised, 0=0° and right p-
polarised,(3=90°). 
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6.2.4 Impact of waveguide resonance on plasmon peak shape 
We can show the impact of the waveguide resonance on the plasmon peak shape using the same 
sample by exploiting the dispersive behaviour discussed in the previous section. The 
measurements presented in Figure 6-22 were performed on a 'diffractive' grating using a fixed 
rotation angle y of 25° but with different polariser and sample orientations. For instance in Figure 
6-22a the polarisation vector was orientated along the short particle axis. This can be achieved by 
either setting a=0° and f3=0°, or by a=90° and f3=90°. Due to the symmetry of the system the 
incident light should excite the 'same' localised particle plasmon resonance. However as shown 
above the coupling to the waveguide is influenced by the polariser orientation when the grating 
angle y is not zero. Consequently the overall shape of the plasmon feature differs even though 
the same localised plasmon mode is excited. Interestingly a sharp plasmon feature is obtained 
when the TEz-waveguide resonance is present but the sharp peak disappears when the 
conditions for coupling into this waveguide mode are not fulfilled (cf. Table 6-1). In various 
previous studies it has been pointed out that the presence of diffraction edges can influence the 
plasmon peak shape due to dipolar coupling of neighbouring particles [20-22, 26, 117]. Some 
studies also looked at the grating structures with incorporated waveguiding layers and it was 
found that here tuning of the plasmon peak is also possible [16, 23, 24]. In Figure 6-22 we show 
for the first time, experimentally on the same structure, the difference in the alteration of the 
plasmon peak due to the presence of an underlying waveguide. By changing the incident 
polarisation we can switch the coupling to the mode (nearly) off and can compare the spectra 
with and without the presence of the waveguide resonance. 
In Figure 6-22b we present the results of an analogue experiment on the same grating but here 
the polarisation vector was orientated along the long particle axis. Therefore the position of the 
diffraction edge coincides roughly with the spectral middle of the localised particle plasmon 
resonance. The presence of the TE, mode, when the incident light is s-polarised (cc=0°), leads to a 
deep trough in the plasmon feature. For p-polarised light (a=90° in Figure 6-22b) the trough is 
less pronounced. It can also be observed that the sharp resonance feature appears narrower 
when the TE, waveguide mode is present. The broadening of the sharp feature could also have 
been induced by the presence of the TE, mode for the p-polarisation. Our data suggest that weak 
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coupling between plasmon and waveguide resonances occurs, however arguments of strong 
coupling (see ref. [24]) are not supported. 
Figure 6-22: a) and b) Extinction cross section spectra for a 'diffractive' grating measured at a fixed rotation 
angle of y=25°. a) The polariser is orientated parallel to the short metal particle axis. b) The 
polariser is orientated parallel to the long metal particle axis. The spectra differ in terms of the 
orientation of the sample rotation y to the polarisation orientation which is illustrated in c). The 
polariser orientation shows the direction of the E-field. 
6.2.5 Observation of double dips 
It is apparent that the waveguide feature in the extinction cross section spectra always seems to 
appear as a double dip for the 'diffractive' grating (e.g. Figure 6-16a). The question arose whether 
the 'double-dip feature' is a real effect, or down to a misalignment of the grating angle y. We 
measured the extinction cross section spectra varying the grating angle with a small step size of 
1°. The data were taken for two sample rotations, 13=0° and 13=90°, which means the polariser 
was orientated parallel to the short particle axis and long particle axis respectively (cf. Figure 
3-5). When 3=90° the plasmon resonance is shifted further into the red leading to less overlap 
between the plasmon and waveguide features (cf. Figure 6-16a). The corresponding dispersion 
map is shown in Figure 6-23. For both sample rotations the double dip feature remained. 
The waveguide dip positions from these experiments have been plotted as a function of angle in 
Figure 6-24. The splitting AX was transferred to an energy difference, and for 13=0° the splitting 
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was found to be (44±3)meV and for 13=90° to be (50±3)meV. As the values are within each other's 
error bars no difference between the splitting for the two sample orientations could be 
measured. (It was considered that the position of the waveguide dips can be extracted with an 
accuracy of ±1nm.) The exact spectral position of the particle plasmon resonance has no 
significant effect on the waveguide dip splitting which indicates that the splitting is not directly 
linked to coupling between the waveguide and the particle plasmon resonance. This is supported 
by the fact that 'double-dip features' have not been observed in the far-field spectra of 1D 
subwavelength metal gratings [23]. 
(;,.. (012) 
0.03 
0.02 
0.01 
900 
Figure 6-23: Extinction cross section as a function of incident angle and wavelength for a 'diffractive' grating 
Step size for the incident angle 7=1* (a=0°). The red dashed line indicates the approximate 
spectral position of the localised plasmon resonance. a) Strong overlap with grating diffraction 
edge as light was polarised along short metal particle axis (13:1°). b) Less overlap with grating 
diffraction edge as light polarised along long metal particle axis (13=901. 
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Figure 6-24: 	Extracted positions of the waveguide dip in dependence of angle from data in Figure 6-23. 
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Yannopapas et al. [89] stated that the presence of a rectangular lattice on top of a waveguiding 
layer lifts the degeneracy of two TE-waveguide modes (cf. section 2.3). The low-frequency mode 
can be coupled to with propagating light via the grating arrangement which means the mode is a 
virtual bound state. The high-frequency mode is a bound state and would usually not couple to 
normally incident light. However, as Yannopapas et al. pointed out [89], for oblique incident light 
the restrictions for the high frequency mode are relaxed and the light can couple to the second 
mode. Hence double dip features in the far-field spectra are observed. 
In Figure 6-25 we recall data measured on a 'diffractive' grating that was presented previously in 
section 6.2.2 where we established that incident polarisation significantly influences the coupling 
to the waveguide (cf. Figure 6-16b). In Figure 6-25 we have highlighted the 'double dip feature' 
(grey shaded area) identified previously as 'TE, mode' (cf. Figure 6-21b right), and want to point 
out that for an incident polarisation of cc=60° a dip at —594nm is clearly visible but not the dip at 
—623nm. Latter is the second dip of the 'double-dip feature' and is only pronounced when the 
incident light is p-polarised (a=90°). We also find that the dip at short wavelength narrows when 
the second dip is present. The data indicate that the incident light does not simply couple into 
one mode. Instead the data show that the conditions for the coupling are different for the two 
dips and therefore indicate the presence of two different types of waveguide modes. Our 
experimental data therefore supports Yannopapas et al. [89] argument. 
Figure 6-25: 
	
Recall of Figure 6-16b. Investigation of the `double-dip'-feature for the TE,-waveguide mode in 
dependence of incident polarisation. The sample orientation during these measurements was 
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6.3 Conclusions from chapter 6 summary 
In the first part of this chapter we have investigated the dispersion of 'non-diffractive' 
subwavelength metal gratings to establish what governs the individual far-field features, namely 
the plasmon resonance and the waveguide resonance. The spectral position of the plasmon 
resonance was hardly influenced by the varying grating angle (cf. Figure 6-2) but significantly 
changed when the polarisation orientation onto the asymmetric subwavelength metal particles 
was varied (cf. Figure 6-4). We have concluded that the plasmon resonance must be strongly 
localised and is therefore mainly governed by the shape and the size of the metal particles rather 
than the grating. The experimental findings reinforced simulations presented in section 5.3 which 
have shown a strong localisation of electromagnetic energy at the metal (cf. Figure 5-10). For the 
waveguide resonance a 'cross-like' shape of the spectral waveguide resonance position was 
observed which is expected for a grating coupling process (cf. Figure 6-12). Hence the spectral 
position of the waveguide resonance is mainly governed by the grating period. Because the 
grating period for our samples is the same along the y- and z- direction (cf. Figure 3-7) we found 
that the waveguide resonance was hardly influenced by polarisation changes (cf. Figure 6-10b). 
Both features, the plasmon resonance and waveguide resonance, could be well reproduced on 
the same sample over a period of three years highlighting the stability of the grating structures 
(cf. Figure 6-11). The spectral plasmon resonance position could be reproduced within ±3nm, the 
waveguide resonance within ±1nm. 
In section 6.2 we studied the interaction between the plasmon and waveguide resonance. For 
the 'diffractive' grating we obtained sharp features in the spectrum when the grating angle was 
varied (cf. Figure 6-14). Our data shows that these narrow line shapes can also be observed in 
inhomogeneous optical surroundings unlike it was initially believed [26]. The shaping of the 
spectral features suggests that weak coupling between the waveguide and plasmon resonance 
occurs. In our studies we were particularly interested in the impact of the gratings' 2D nature on 
the far-field spectra and in the role of the waveguide. In the dispersion maps of the diffractive 
gratings we clearly identified waveguide resonances originating from the (1,1) grating orders 
highlighting the 2D nature of the grating (cf. Figure 6-14, Figure 6-15). We found a unique 
dispersive behaviour for the underlying waveguide which enable us to influence the coupling to 
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the waveguide resonance. For s-polarised light we observed the expected 'cross-like' behaviour 
when the incident grating angle was changed, for p-polarised light the spectral position of the 
waveguide remained almost fixed (cf. Figure 6-21). The behaviour was explained by considering 
the involved grating coupling process and the projections of the incident field components onto 
the grating structure (cf. Table 6-1). Due to the 2D nature of the grating we could switch the 
coupling to different waveguide resonances on the same sample by changing the incident 
polarisation from linearly s- to p-polarised (cf. Figure 6-22). This way it was demonstrated how 
the waveguide resonances alters the plasmon plasmon peak shape in the far-field. We found that 
the presence of the waveguide resonance leads to deep troughs in the extinction cross section 
spectra and sharper spectral features. 
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7 	The gratings in refractive index sensing applications 
In chapter 7 we investigate the suitability of the grating structures for sensing refractive indices 
of thin polymer films. In the section 7.1 we will focus on the 'non-diffractive' grating and assess 
the implications of using the structure as a conventional LSPR sensor monitoring the spectral shift 
of the plasmon peak position. In section 7.2 we turn our attention to the 'diffractive' grating 
structure and examine whether the combination of the LSPR resonance with grating induced 
feature offers advantages for refractive index sensing applications. 
a 
Au
HimilE 
20nrn , 
10nm 
100nm 
Ti 
Reference 
h 
Figure 7-1: 	Schematic for grating with top layer material as investigated in chapter 7. 
In the experimental investigations we spin coated polymers with different refractive indices on 
top of the gratings. A schematic of the measured system is shown in Figure 7-1. As reference we 
measured the transmission through the polymer film on the planar ITO part of the same sample. 
We also used RCWA modelling to assess our experimental findings. The side view of the modelled 
structure is the same as in Figure 7-1 but the grating is 1D, and consists of metal stripes. The film 
thicknesses we refer to corresponds to the thickness h of the planar film. In the modelling the 
volume of the top layer material on the grating has been adjusted such that it is the same as the 
volume of the planar film with thickness h. 
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7.1 Refractive index sensing using the plasmon resonance 
This section investigates the suitability of the 'non-diffractive' grating structures for sensing 
applications. For this purpose different polymers have been spincoated on top of the 
subwavelength gratings. The analysis of the corresponding angular-resolved far-field extinctions 
cross section spectra shows how superstrate layers influence the optical response of the 
waveguide and plasmon resonance. Implications of the sample geometry for plasmonic sensing 
applications are discussed and assessed. 
The advantage of using the plasmon resonance for sensing refractive indices is that the feature 
can be directly tracked in the far-field response. In this sense the system is very user-friendly 
because an extensive subsequent data analysis, e.g. with complex fitting procedures, is not 
required. LSPR resonances exhibit a good surface sensitivity which means that thin films of only a 
few ten nanometers can be investigated; whereas film thicknesses typically exceed 100nm in 
ellipsometry measurements [144]. In contrast to ellipsometry the LSPR sensor can also be 
operated at normal incidence. The challenge of LSPR sensors lies in the prior calibration of the 
devices. The samples also need to be semi-transparent when the sensor is used in a transmission 
configuration. 
600 	800 
	
1000 
Wavelength (nm) 
Figure 7-2: 	Measured extinction cross section spectra of 'non-diffractive' grating recorded to investigate the 
effect of PMMA top layer. Spectrum (A) shows response of grating without top layer, spectrum 
(B) the response of the same structure with a 170nm PMMA film deposited on top. 
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In Figure 7-2 we show a typical example for how the far-field response changes when a 
superstrate layer is deposited on top of a 'non-diffractive' grating. Spectrum (A) shows the 
response of the bare grating (as discussed in chapter 6), and spectrum (B) the response of the 
same structure with a 170nm PMMA top layer. The sample was prepared as previously described 
in section 4.5. PMMA was chosen because it is a good candidate to start investigating the impact 
of top layers. The polymer is transparent and has a basically flat refractive index profile [145] in 
the spectral region of interest (Figure 7-3). Its refractive index of —1.49 is also very close to the 
one of silica (-1.45) which makes the media surrounding the grating structure more 
'homogeneous'. Additionally the spin coating of PMMA is straight forward. We see in Figure 7-2 
the deposition of the polymer induced a red shift of the plasmon resonance and of waveguide 
resonance. In the subsequent sections we will compare the response of the two resonances, 
assess the LSPR sensor performance and address the question what needs to be considered 
when calibrating the plasmon resonance shift to refractive indices of top layer materials. 
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Figure 7-3: 	Refractive index n of PMMA. Inset: Repeating unit of PMMA. 
7.1.1 Plasmon vs. waveguide resonance response 
We have observed experimentally that the plasmon and waveguide resonance both show red 
shifts in the extinction cross section spectrum (Figure 7-2). Upon the introduction of the 170nnn 
PMMA layer the plasmon resonance red shifted from (652±3)nm to (711±3)nm , the waveguide 
resonance shifted from (426±1)nm to (436±1)nm. The plasmon resonance shift is larger (-60nm) 
than the waveguide resonance shift (-10nm). Even in terms of energy we find that the plasmon 
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peak shifts towards smaller energies by 158meV, the waveguide resonance by only 67meV. The 
results highlight the different nature of the plasmon and waveguide fields. 
It has been shown in section 5.3.1 that the electromagnetic energy attributed to the plasmon 
resonance is much more localised compared to the waveguide resonance (cf. Figure 5-10). The 
concentration of the corresponding fields and the penetration into the superstrate would 
manifest itself in slight changes of the effective refractive index but would mainly influence the 
visibility of the resonant modes in the optical spectrum. This high concentration of 
electromagnetic fields due to plasmon modes has for instance been used to increase the visibility 
of Raman peaks (e.g. [92]). In the extinction cross section spectra measured on the 2D 
subwavelength metal gratings the waveguide and plasmon resonance are clearly visible in the 
spectra so intensity is not an issue. The key to the difference in the sensitivity of the two 
resonance features towards the PMMA top layer must be in the underlying coupling mechanisms 
to the resonant modes itself. 
Distance x (nm) 
	
Wavelength (nm) 
Figure 7-4: The first TE waveguide mode calculated for a planar asymmetric slab system. The system consists 
of silica, a 100nm ITO layer and a superstrate. The superstrate layers are air (i) and PMMA (ii) 
respectively. a) The electric field Ey as a function of x at a wavelength of 430nm. b) The effective 
refractive index for the TE modes over the spectral range. The black line is the Bragg condition for 
a grating period of A=260nm. 
To interpret our results we first look into the grating coupling process that governs the 
waveguide resonance. It was established previously that the dip at —430nm measured on the 
bare grating structure can be attributed to a TE-waveguide mode in the ITO layer. In Figure 7-4 
we present calculations of the first TE waveguide mode calculated for a planar asymmetric slab 
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system (cf. section 5.2). Here the 100nm ITO layer is sandwiched between silica and a 
superstrate. The superstrate layer was alternatively chosen to be air or PMMA. For the latter case 
a constant refractive index of 1.49 was assumed. Figure 7-4a shows the corresponding 
distribution of the electric fields E,, (cf. section 5.2, Figure 5-5) as a function of distance for a 
wavelength of 430nm. As expected the field encounters more of the superstrate when PMMA is 
deposited on top because the material has a larger refractive index than air. In Figure 7-4b the 
effective refractive indices over the spectral range for the TE-modes with air (i) and PMMA (ii) as 
a superstrate layer are shown. Additionally the grating condition which is neff=AdA has been 
incorporated into the graph. The crossing points between the grating condition and the lines for 
the TE-modes gives an indication for how much we would expect the waveguide dip in the 
extinction cross section spectrum to shift upon the introduction of the PMMA layer. The 
simplified asymmetric planar waveguide model predicts a shift of 8nm which is very close to the 
lOnm shift that was experimentally found in Figure 7-2. From the experimental spectra of the 
grating (Figure 7-2) it was extracted, using neff=Xo/A, that the effective refractive index of the TE-
waveguide mode in the ITO layer increases from 1.638 to 1.677 upon the introduction of the 
PMMA superstrate layer. The effective refractive index values are in the same order of 
magnitude as those predicted by the planar slab theory. 
The results show that the waveguide feature should not be readily dismissed for sensing 
applications. The big advantage is that its spectral position is mainly governed by the grating 
constant which is, in contrast to the particle shape, comparatively easy to control. Admittedly the 
waveguide dip is not very sensitive to changes in the optical environment but the feature is sharp 
so that a good contrast is provided. Additionally the magnitude of expected shifts can be 
predicted even with simple planar slab models. We shall see later in section 7.2.1 that indeed the 
waveguide feature is a suitable tool for contrast enhancement in plasmonic sensing applications. 
The coupling to the plasmon mode follows a different mechanism and is induced by 
electromagnetic fields that were scattered on the subwavelength metal particle. One model that 
approximates this scattering process is the MLWA model (cf. section 5.1). However the model 
can only account for homogeneous surroundings. In contrast to the MLWA model the RCWA (cf. 
section 5.3) can include inhomogeneous surroundings which would be closer to our experimental 
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conditions. Subsequently we will compare the theoretical response towards refractive index 
changes in a dielectric medium for four different cases i) a gold ellipsoidal metal particle in a 
homogeneous dielectric ii) gold metal stripes in a homogeneous dielectric, iii) gold metal stripes 
in inhomogeneous surroundings and a dielectric top layer, and iv) as case iii) but with a titanium 
wetting layer. Case i) resembles most the particle dimensions in our experiment as the 'in-plane' 
particle axes of the sample are a=115±3nm and b=142±3nm (cf. 'non-diffractive' grating in 
section 3.4.2). Case (iv) resembles most the inhomogeneous surroundings of our experiment. 
Cases (ii) and (iii) form a transition between case (i) and case (iv). A schematic of the modelled 
cases is presented in Figure 7-5. Note that case (iii) is the same Figure 7-5c without the titanium 
wetting layer. 
a) Case i: 
  
t  20nm ya—. z 
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n 
   
    
b) Case ii: 
Grating: 	 Reference: 
       
      
Dielectric Dielectric 
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c) Case iv: 
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Figure 7-5: Schematic for investigating plasmon resonance shift as a function of refractive index changes in a 
surrounding medium. a) MLWA modelling of an Au ellipsoid immersed in dielectric with 
refractive index n. The particle dimensions are a=115nm, b=140nm and c=20nm. b) and c) RCWA 
on metal stripes (A=260nm, a=115nm) immersed in dielectric (b) and in inhomogeneous 
surroundings with a dielectric top layer (c). The incident light is linearly polarised along z. 
In Figure 7-6 we have plotted the plasmon resonance position as a function of refractive index 
spanning a region of n=1.0 to n=2.0. We see that the slopes for the first three cases are all very 
different. As an approximation we have fitted the curves linearly and found (i) a sensitivity of 
412nm RILI1 for the MLWA model, (ii) a sensitivity of 268nm RIL11 for the symmetric RCWA, and 
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(iii) a sensitivity of 137nm RIU 1 for the asymmetric RCWA without the titanium. The RCWA with 
the titanium (case (iv)) has a slope of 131nm RIU-1, which is not much different from case (iii). 
There is significant difference between the sensitivity values between MLWA and RCWA even 
though both cases show homogeneous surroundings. We have shown in section 5.1 that MLWA 
tends to significantly overestimate the plasmon peak shift in response to refractive index changes 
in comparison to exact Mie calculations (cf. Figure 5-2). Hence MLWA is very useful to predict 
overall trends but is not a suitable tool to estimate magnitudes of plasmon peak shifts caused by 
refractive index changes in surrounding media. 
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Figure 7-6: 
	
Plasmon resonance position as a function of refractive index of a surrounding medium calculated 
with MLWA and RCWA. The cases (i) to (iv) are described in text and are also illustrated in Figure 
7-5. The solid lines are linear fits of the data. 
If we compare the symmetric and asymmetric RCWA cases in Figure 7-6 we see that the 
sensitivity of the symmetric cases is significantly higher than for the asymmetric case. The data 
suggest that better sensitivities can be achieved when the specimen completely surrounds a 
subwavelengh metal structure. For the symmetric case a linear fit also seems to give a better 
approximation for the data points. For the asymmetric case sensitivity 4A./An is hardly affected 
by the presence of the titanium wetting layer. 
The asymmetric RCWA with the titanium layer (case iv) captures best the inhomogeneous 
surroundings of our experiment. It shows a sensitivity of 131nm RIU-1. A 60nm shift of the 
plasmon resonance peak that was observed in our experiment with the PM MA top layer (Figure 
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7-2) consequently translates to a refractive index change due the top layer material of An = 0.46. 
This is in good agreement with our experiment as the refractive index of PMMA is n-1.49. It 
should be noted that in the RCWA calculations the thickness of the top layer material is set to be 
infinite and interference effects due to back reflections in the PMMA layer are not considered. In 
the experimental conditions the superstrate layer is thin and interference effects might shift the 
plasmon resonance (cf. section 7.1.3). 
Zou et al. [17] suggested that the sharp plasmon features originating from coherent interaction 
between particles in subwavelength metal grating might also be useful for plasmonic sensors that 
detect a shift of the resonance peak. They stated that the ratio between the feature width and 
magnitude of shift could perhaps be improved leading to a better sensitivity. We have compared 
the response of the grating induced waveguide resonance towards refractive index changes in 
the surrounding medium with the response of the localised plasmon resonance, and found that 
monitoring the plasmon peak shifts leads to a higher sensitivity (-300 meV/RIU) compared to the 
sensitivity obtained from tracking the waveguide resonance (-140 meV/RIU). Hence the position 
of the waveguide dip and the plasmon peak would have to be calibrated individually towards 
refractive index changes. The implication of the different response of the two types of 
resonances is that sharp spectral features, present in the far-field spectrum of a grating without 
any top layer, might not necessarily be maintained when the dielectric environment changes (e.g. 
a superstrate film is deposited). Additionally the plasmon and waveguide resonance seem to 
(weakly) couple (cf. Figure 6-22, Figure 6-14), which would make the calibration of such sensing 
device challenging. 
7.1.2 Different polymer top layers 
In the previous section we have found theoretically that the dependence of the plasmon peak 
shift over refractive index change of the top layer material is almost linear (Figure 7-6). In this 
section we investigate how well this can be reproduced experimentally. For this purpose 
different polymer top layers were spin coated on top of 'non-diffractive' subwavelength metal 
gratings and the effect on the extinction cross section spectra was investigated. The polymers 
were PMMA (already discussed in the previous section), a green emitting polymer - poly[9, 9-
dioctylfluorene-co-benzothiadiazole] (F8BT) [65] and a red emitting polymer 'RedF' [65]. The 
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refractive index data for F8BT and 'RedF', obtained by ellipsometry [144], are shown in Figure 
7-7. 
403 	500 	600 	700 
Wavelength (nm) 
Figure 7-7: 	a) Chemical structure of F8BT and structure of red emitting chromophore in 'RedF'. b) Refractive 
indices for F8BT (green) and 'RedF' with n being the real part and k the complex part. 
The polymers F8BT and 'RedF' have been chosen because their refractive indices are larger than 
PMMA but the plasmon resonance peak should still be detectable in the visible spectrum. 
Additionally the polymers are easy to spin coat, were available and well studied within the 
experimental solid state physics group at Imperial College London. They have been investigated 
for a variety of applications such as gain materials in organic light emitting diodes and in organic 
lasers [146-148]. 
Both polymers, F8BT and 'RedF', were dissolved in toluene and the solution was left stirring for 
several hours. Two 'non-diffractive' grating structures were washed in acetone, and toluene with 
slight ultrasonication and blow dried with nitrogen. The F8BT film was spin coated, and the 
sample heated on a hot plate at 55°C for ten minutes. A good film quality on the grating was 
achieved. From experience it was known that the 'RedF' polymer is more difficult to spin coat. 
Therefore the sample was additionally washed in isopropanol. Directly prior to the spin coating 
process the sample and solution were heated on a hot plate at 50°C. After the spinning the 
sample was heated again at 80°C for ten minutes. Two reference samples on planar silica 
substrates were prepared and used for thickness determination on a Dektak profilometer. Both 
film thicknesses, for F8BT and 'Red F', were 65±5nm. 
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Figure 7-8: 
	
Measured extinction cross section spectra of three 'non-diffractive' gratings before (black) and 
after (green) the deposition of polymer. The superstrate layers are a) 85nm PMMA b) 65nm F8BT 
and c) 65nm 'RedF'. 
In Figure 7-8 the extinction cross section spectra before and after deposition of three thin 
polymer layers are presented. The polymer films are 85±5nm PMMA, 65±5nm F8BT and 65±5nm 
'Red F'. The extinction cross section was calculated according to equation (4.1) using the ITO-silica 
substrate plus the polymer layer as reference. We shall see later in section 7.1.3 that it would 
have been ideal to have had the same film thickness applied to all three gratings. However as not 
too many gratings were available it was decided not to repeat the experiment with different film 
thicknesses. The experimental results are still sufficient to draw attention to questions that need 
to be addressed for assessing the suitability of such type of grating structures for refractive index 
sensing applications. 
In Figure 7-8 it can be seen that as expected all plasmon peaks red shift upon the introduction of 
the superstrate layer. The waveguide resonance cannot be clearly resolved for the F8BT and 
'RedF' case as it overlaps spectrally with the absorption spectra of the polymers. If there are 
slight differences in the film thickness between sample and reference then the absorption 
spectrum will not be completely removed in the extinction cross section spectrum. From the data 
presented in Figure 7-8 the plasmon peak shift can be plotted in dependence on the refractive 
index change of the superstrate layer. In the literature [96, 98, 149] often linear fits have been 
applied in investigations where liquids with different refractive indices surrounded single 
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subwavelenth metal particles. Figure 7-9 illustrates that the behaviour in the studied case here is 
almost linear. The linear slope of the fitting function is defined as the sensitivity factor m of a 
plasmonic sensor in nm per refractive index unit (RUI) [11] and is here 130nm/RUI. 
0.0 	0.4 	 0.8 
Refractive index change 
Figure 7-9 	The plasmon peak shift in dependence of refractive index change extracted from the data 
presented in Figure 7-8. The green line is a linear fit of the data. 
According to Sherry et al. [97] the figure of merit for the plasmonic sensor can be calculated as in 
equation (2.6). 
FOM = FWHM(eV) 
	 (2.6) 
The sensitivity factor m is given in eV and FWHM is the full width half maximum of the spectral 
feature in eV. For the 'non-diffractive' grating structure investigated here (Figure 7-8) we can 
extract a sensitivity factor m of 308 meV/RIU and a figure of merit of 0.57 RIU-1 with the FWHM 
of the plasmon peak being -540meV. It is clear that the broadness of the plasmon peak, which is 
significantly increased by the introduction of the wetting layer (cf. Figure 5-12), leads a low figure 
of merit for the 'non-diffractive' grating structure. In plasmonic sensing applications figure of 
merits in the order of 10 would be desirable [11]. 
In Figure 7-9 we found that the plasmon peak shift for the 'RedF' polymer was slightly smaller 
than for the F8BT layer. From the effective index data (Figure 7-7b) the opposite behaviour would 
have been expected, as generally nRedF>nF,887-. The result points us to subtleties that are vital to 
assess the selectivity of plasmonic sensing arrays. One aspect that needs to be investigated is the 
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impact of film thickness on the plasmon resonance position. In the experiment the film thickness 
for F8BT and 'RedF' was measured to be the same on a reference film on silica. However it is 
known that the wetting of polymer films on ITO is sensitive to the surface properties and the 
used solvent. This is particularly the case for 'RedF' [150]. The impact of film thickness on the 
plasmon peak shift AX, will be examined in section 7.1.3. Secondly the refractive indices of 
polymers usually show some dispersion over the spectral range (e.g. Figure 7-7b), and we 
investigate the effect of dispersive superstrate layers on the plasmon peak shift AA. in section 
7.1.4. Thirdly, it is apparent that due to some variations in the sample fabrication process the 
plasmon resonance position of nominally the same bare grating structure in Figure 7-8b and c are 
not the same. Therefore the question arises how the initial plasmon resonance position 
influences the plasmon peak shift L9k, which is the topic of section 7.1.5. 
7.1.3 Impact of superstrate thickness 
We have subsequently spin coated two PMMA films of 170±5nm and 85±5nm film thickness 
respectively on the same 'non-diffractive' grating structure. The sample preparation and cleaning 
process is described in section 4.5. For the thickness determination a reference film on a 
Spectrosil B substrate was measured using a profilometer. It has to be pointed out that the 
second film prepared (85 nm) looked smooth over the whole sample whereas the first film 
looked inhomogeneous at the outside etches of the sample. However we used a small spot size 
(-400p,m diameter) in the transmission setup and could therefore choose areas of the sample 
that showed a homogeneous film. 
The extinction cross section spectra of the bare grating and the structure with the PMMA films 
are presented in Figure 7-10. It is apparent that the intensity of the extinction cross section varies 
depending on the thickness of the PMMA layer. The behaviour is attributed to Fabry-Perot 
oscillations which occur when the thickness of the overall structure is in the order of the incident 
wavelength multiplied by its refractive index [151]. The transmitted electromagnetic field 
interferes constructively (or destructively) with light that is multiply internally reflected inside the 
structure. Hence enhancements (or decreases) in the extinction cross section may be expected 
(Figure 7-10) depending on the incident wavelength. Additionally a plasmon peak shift is 
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observed. For the 85nm PMMA film the plasmon resonance peaks at 719±3nm, and for the 
170nm PMMA film the plasmon resonance is at 711±3nm. 
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Figure 7-10: 
	
Measured extinction cross section spectra of 'non-diffractive' grating recorded to investigate the 
effect of superstrate thickness. Spectrum (a) shows response of grating without top layer, 
spectrum (b) the response of the same structure with a 170nm PMMA film deposited on top, and 
spectrum c) the response of the same structure with a 85nm PMMA film. 
To illustrate the Fabry-Perot effects we turn to RCWA modelling. Figure 7-1 shows the modelled 
1D grating system. The width of each metal strip was 120nm with a grating constant A of 260nm 
leading to a fill factor of 46%. The transmitted light was calculated for a 1D grating structure with 
a PMMA film on top and a reference consisting of an ITO substrate with the same volume of 
PMMA (Figure 7-1). The procedure most resembles the experiment (Figure 7-10). The extinction 
cross sections were extracted according to equation (4.1) and are presented for three different 
PMMA thicknesses in Figure 7-11a. Additionally the transmissions through the grating (with 
PMMA) alone, without applying any reference, are presented in Figure 7-11b. This way it can be 
distinguished between effects that might be caused by Fabry-Perot oscillations in the reference 
and the behaviour caused by the grating arrangement. 
Figure 7-11a confirms the experimental observation that the intensity of the extinction cross 
section varies depending on the thickness of the PMMA layer. Furthermore the position of the 
plasmon resonance peak is somewhat affected by the superstrate thickness. We also observe 
that the visibility of the dip, associated with the grating, varies with changing PMMA thickness. As 
said before the dip was identified in literature as a result of destructive interference between the 
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electromagnetic incident radiation from free space and the field of a waveguide mode inside the 
ITO layer [16, 89]. The addition of a top layer changes the phase relations between incident field 
and the waveguide mode which changes the visibility of the dip, and presumably the coupling to 
the waveguide. The effect is also apparent in the transmission spectra, which means it is not 
solely caused by Fabry-Perot oscillations in the reference structure but is characteristic for the 
optical response of the grating with top layer. 
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Figure 7-11: 
	
Extinction cross section (a) and transmission (b) spectra calculated with RCWA on a 1D grating 
system such as shown in Figure 7-1. The grating has different thicknesses of PMMA on top. The 
labels are the corresponding PMMA thicknesses on the reference structure which is labelled as 
'h' in Figure 7-1. 
Figure 7-12 shows the extracted plasmon resonance positions from the calculated extinction 
cross section and transmission spectra with PMMA thickness varying from Onm to 280nm. 
Initially the plasmon resonance red shifts with rising PMMA thickness but at —90nm the feature 
blue shifts again and falls into an oscillatory behaviour. The graph for the extinction cross section 
and the transmission follow each other closely. If we look at the values for the extinction cross 
section and transmission extracted at the plasmon resonance position as a function of PMMA 
thickness an oscillatory characteristic is also found which is almost anti-cyclical for extinction 
cross section and transmission. Such behaviour is a clear indication of Fabry-Perot effects on thin 
films [110, 151]. For the modelled system the intensities at the plasmon peak positions for the 
extinction cross section behave opposite to the behaviour observed experimentally on the 2D 
grating. In the simulation the peak for 170nm PMMA thickness is more intense, which could for 
instance be attributed to slight variations from nominal layer thicknesses in the experiment. In 
terms of a sensor it would be advisable to compare films with identical thickness to achieve the 
best possible selectivity. The findings highlight again that the plasmon resonance is strongly 
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linked to the phase relations between superimposing electromagnetic fields (cf. appendix A3). If 
we assume that during the deposition the anticipated polymer film thickness can be achieved 
within ±5nm the variation in plasmon resonance position due to Fabry-Perot effects could be up 
to ±4nm (Figure 7-12). 
Figure 7-12: Demonstration of Fabry-Perot oscillations in the extinction cross section and transmission 
spectra. The data were calculated with RCWA for varying thickness of the PMMA top layer. a) 
Extracted plasmon peak position in dependence of PMMA thickness in the extinction cross 
section (black) and the transmission (red). b) Extinction cross section (black) and transmission 
(red) values at the plasmon resonance position. 
7.1.4 Plasmon peak shifts induced by dispersive superstrate layers 
Often thin films show some dispersion in the refractive index in the spectral region of the 
plasmon resonance. Therefore the question needs addressing how the dispersive behaviour of 
the superstrate would manifest itself in the observed plasmon peak shift AX and the peak shape. 
This is crucial for implementing calibration procedures on plasmonic sensors. We will approach 
this problem with RCWA modelling. RCWA modelling is a suitable tool to look at the effect of 
dispersion because it offers the opportunity to tailor refractive index properties of the 
superstrate and also to choose non-dispersive materials as a substrate. This way it should be 
possible to extract clear results about the impact of dispersion which would be harder to achieve 
experimentally. 
The modelled system is illustrated in Figure 7-13a. It consists of 120nm wide gold stripes that are 
arranged in a 1D lattice with a grating constant of 260nm. The gold stripes are 20nm high. In 
order to exclude any possible dispersion from the substrate the slabs are positioned on a thick 
artificial layer with refractive index of n=1.5 over the whole spectral range. The gaps in between 
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the gold stripes are filled with a dielectric material and the same material forms a film on top of 
the particles. The thickness has been chosen such that the overall volume would correspond to a 
90nm thick film on a planar surface. At first the transmission through the system has been 
modelled giving the dielectric superstrate material a constant refractive index of 1.5. The 
plasmon resonance position was found to be 711nm. Subsequently two artificial dielectric media 
have been created; one with a positive slope (anomalous dispersion) and one with a negative 
slope (normal dispersion) over the spectral range (Figure 7-13b). For both materials it was made 
sure that the refractive index was kept 1.5 at a wavelength of 711nm. 
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Figure 7-13: Tools for investigating the effect of dispersion in the refractive index of superstrate layers on the 
plasmon resonance. a) Schematic of 1-D grating system modelled with RCWA. b) Refractive 
indices spectra applied for the dielectric superstrate layer. 
The resulting transmission spectra, plotted as 1 minus the transmission T, for the three refractive 
index profiles, are presented in Figure 7-14. It can be seen that a slope in the refractive index 
profile does not affect the plasmon resonance position or the intensity of the resonance. That 
means in terms of sensing applications that the refractive index at the spectral position of the 
resonance peak is displayed. The dispersive behaviour of the refractive index in the spectral 
interval between the resonance position without the superstrate and the resonance position 
with the top layer has no impact on the plasmon resonance position. 
It is also apparent from Figure 7-14 that the slope in the refractive index influences the 
broadness of the plasmon feature. The superstrate layer that has the refractive index with the 
positive slope in the spectral range broadens the plasmon resonance whereas the superstrate 
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layer with the negative slope narrows the plasmon resonance. As demonstrated in section 4.3.2 
light gets reflected, absorbed and scattered around the plasmon resonance. The measured 
transmission corresponds to 1 minus those components. The simple Lorentz-Model presented in 
the appendix A3 has illustrated that the plasmon peak originates from the superposition of 
reflected, transmitted and incident electromagnetic fields. In particular the phase relations 
between those fields are important. 
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Wavelength (nm) 
Figure 7-14: 	Effect of dispersion in refractive index (of superstrate layer) on the plasmon resonance. The 
transmission spectra (T) were calculated with RCWA on a 1-D grating system (Figure 7-13a). On 
top of the grating we positioned dielectric superstrata with different dispersion profiles in the 
refractive index (Figure 7-13b). The spectra are here displayed as 1-T. 
In the case studied here with RCWA modelling the refractive index of the superstrate layer alters 
the phase relation of the incident field towards other electromagnetic field components present 
in the structure. The slope in the refractive top layer causes two waves (of one wavelength) to 
superimpose to one another with a different 'time delay' compared to the waves in the adjacent 
wavelength step. The Lorentz model of a harmonic oscillator (appendix A3) made clear that a 
resonance is usually accompanied by a phase shift of 180° in the response of the oscillating field. 
Here it seems that the negative slope (Figure 7-13b) of the refractive index in the top layer 
material reinforces the plasmon resonance and makes it sharper whereas it becomes broader 
when the slope is positive. Potentially this means that depositing subwavelength metal structures 
on a substrate with a slope in the refractive index could narrow the resonance and perhaps 
improve the figure of merit (equation (2.6)) in plasmonic sensors. However it should be noted 
that the applied —aAn in Figure 7-13 and Figure 7-14 is rather large. If we go back to our 
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experimental results with the F8BT and 'RedF' top layers (Figure 7-9) we realise that the 
refractive index dispersion for the polymers is small in comparison (Figure 7-7b). Hence it is not 
believed that the plasmon peak shape observed in the experiment (Figure 7-9) was significantly 
influenced by the polymer dispersion. 
7.1.5 Influence of incident polarisation on plasmon peak shift 
In section 6.1.1 we investigated how the optical far-field response of a 'non-diffractive' grating 
structure changes when the sample is rotated around the optical axis ((3 varied) and the polariser 
remained fixed (a=0°). It was established that the maximum in the extinction cross section 
spectrum shifts significantly in dependence on the polarisation vector orientation onto the 
elliptically shaped surface of the subwavelength particle (cf. Figure 6-4). A 'perceived' peak 
maximum is observed that is a convolution of the two plasmon resonance peaks for polarisation 
parallel to the main particle axis (cf. Figure 6-6). In sensing applications the end user is likely to 
use a grating array for a fixed polarisation without establishing exactly that this orientation 
corresponds to the plasmon peak of one of the main particle axis. Moreover generally, due to the 
demands on e-beam lithography fabrication process (cf. section 3.2), it is likely that even nominal 
identical grating structures show slight variations. For instance we noticed in Figure 7-8b and c 
that the initial plasmon resonance positions of nominal the same 'non-diffractive' grating 
structures were not the same. The question arises how such variations of the initial plasmon 
resonance position influence the plasmon peak shift A2. in a plasmonic sensing array. 
Here we use the dispersive behaviour observed on the asymmetric metal particles (cf. section 
6.1.1, Figure 6-4) to examine the effect of the initial plasmon resonance position on the sensor 
sensitivity. We performed the investigation by changing the incident polarisation, and comparing 
the spectra of a 'non-diffractive grating' with and without a PMMA superstrate layer. All 
measurements were performed on the same metal grating which means that the sensing volume 
(i.e. particle volume) remained constant. The PMMA film was spin coated as outlined in section 
4.5 and the film thickness on the reference sample was measured to be 85±5nm. The sample was 
rotated around the optical axis whilst the polarisation position remained fixed (o..=0°) and so did 
the grating angle (7=0°±1°). The transmission through the grating and the substrate was 
measured and the extinction cross section spectra calculated according to equation (4.1). For the 
- 146 - 
400 	600 	800 	1000 
Wavelength (nm) 
0 00 
a) 0 03- 
--- 0 02-, 
E 
0 
- s0° 
75° 
60° 
- 52° 
- 45° 
---30° 
- 15° 
- 0° 
0.01 
0.00 	 
400 	600 	800 
Wavelength (nm) 
1000 
0.04 
0.03 
E 
• 0.02 
b 
0.01 
b) 
-90° 
75° 
60 
- 52° 
45° 
30° 
15° 
-  
100 - 
90 - 
BO - 
70 - 
60 - 
.0 V 
CHAPTER 7 
experimental part that included the PMMA layer the ITO-silica substrate plus the PMMA film was 
used as a reference. The SEM images of this particular sample (without the PMMA) have already 
been analysed in section 3.4.2 (cf. Figure 3-9a). The statistical mean value for the length of 
particle axis a was (115±3.2)nm, and for particle axis b (142.6±3.9)nm. 
Figure 7-15: 
	
Extinction cross section spectra of a 'non-diffractive' grating recorded for rotating the sample 
around the optical axis. a) Grating with air as superstrate. b) Grating with (85±5)nm PMMA 
superstrate layer. The polariser remained fixed (a=0°). The denotation of angles 3 is explained in 
Figure 3-5. The light encountered the sample at normal incidence (7=(0±1)°). 
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Figure 7-16: a) Red shift of the maximum in the extinction cross section spectra after deposition of the PMMA 
layer in dependence on sample rotation angle (3. (Data extracted from Figure 7-15.) b) The 
refractive index change that a 100nm red shift of the extinction cross section maximum would 
indicate depending on the sample rotation angle. We included the linear extrapolation for 
guidance. 
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Figure 7-15 shows the extinction cross section spectra for varying rotation angle p around the 
optical axis without (a) and with (b) the PMMA superstrate layer. The graph b) illustrates that 
broadening of the plasmon feature and a reduction of the intensity for intermediate steps of P 
can also be observed with the PMMA layer on top. The broadest spectrum was recorded for 
P=52° which suggests that on average the main axis of the metal particles is tilted. As expected 
the plasmon feature red shifts for all angles of f3 upon the deposition of the PMMA layer. 
In Figure 7-16a the red shift of the extinction cross section maximum in dependence of angle P is 
plotted. We see that the peak shift induced by introduction of the top layer increases by —30nm 
when the polarisation orientation is changed from parallel to the short particles axis a ((3=0°) to 
parallel to the long particle axis b ((3=90°). Based on a linear fit the sensitivity factor m is 
139nm/RIU for the former case ((3=0°), and 198nm/RIU for the latter case ((3,90°). The grating 
structure is more sensitive towards refractive index changes when light is polarised along the 
longer particle axis. Larger sensitivities along the larger particle axis have also been observed in 
literature [48]. It is worth pointing out again that in our studies the sensitivity difference is not 
linked to an increase of available metal particle volume as the fill factor of a unit cell is constant, 
but to the polarisation of incident light. As indicated in Figure 7-16b for this particular grating a 
red shift of the plasmon peak of 100nm would show a refractive index change difference A(An) of 
0.2 depending on whether the light is polarised parallel to axis a or b (13 being 0° or 90° 
respectively). The slight dispersion of the refractive index for the PMMA top layer in the spectral 
range has been considered in the error bars in Figure 7-16b. Still a difference in the sensitivity can 
be observed. 
In the literature LSPR sensors have often been operated such that the wavelength shift of the 
plasmon resonance was monitored (e.g. [96, 98, 110, 149]). However we have shown that the 
initial spectral plasmon position has an impact on the sensor sensitivity (Figure 7-15 and Figure 
7-16). Perhaps the issue might be overcome when the sensor is calibrated towards an energy 
shift rather than a wavelength shift. In section 7.1.1 we have previously theoretically modelled 
the impact of refractive index changes of surrounding media in a symmetric and asymmetric 
structures using RCWA. The schematic of the modelled system was shown in Figure 7-5 and the 
results presented in Figure 7-6. In Figure 7-17 we now plot the same results as in Figure 7-6 but 
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we show the plasmon resonance position in energy. It still seems to be justified to approximate 
the curve by a linear fit, but we note again (cf. Figure 7-6) that the deviation from the linear curve 
is bigger for the asymmetric system. 
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Figure 7-17: 
	Plasmon resonance position in eV as a function of refractive index of a surrounding medium 
calculated with RCWA. The study was presented in section 7.1.1. The cases (ii) to (iv) were 
illustrated in Figure 7-5. The dotted lines are linear fits of the graphs. 
In Figure 7-15 we had shown experimental extinction cross section spectra on a 'non-diffractive' 
grating with and without the PMMA layer as a function of wavelength. In Figure 7-18 we present 
the measurements plotted as a function of energy for two different cases; the polariser being 
orientated parallel to the short metal particle axis W=0°) and the polariser being orientated 
parallel to the long metal particle axis ((3=90°). If we extrapolate the plasmon peak shifts linearly 
we find a sensitivity of 368meV/RIU for the former case, and a sensitivity of 411meV/RIU for the 
latter. Hence the sensitivity increases by —12% when the light is polarised along the long particle 
axis. We compare these numbers to sensitivity factors when the plasmon peak shift is monitored 
in wavelength; 139nm/RIU (13=0°) and of 198nm/RIU ((3=90°). Here the sensitivity increased by 
—42% when the light is polarised parallel along the long particle axis. In the same manner as 
demonstrated in the graph the peak shifts in energy have been extracted for the intermediate 
polariser positions ((3=15°, 300...). The plasmon peak shifts in eV as a function of rotation angle 
13 are shown in Figure 7-19. We find the biggest deviation for the plasmon peak shift for a 
rotation angle 13=60°. Perhaps this is caused by the fact that the intermediate values of 13 are the 
convolution of two peaks rather than one (cf. Figure 6-6). We also note that the two outer values, 
13=0° and 13=90° are within each other's error bars. 
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Figure 7-18: 
	
Measured extinction cross section spectra on a 'non-diffractive' grating as a function of energy 
with and without a 85nm PMMA top layer. Top: Polarisation along short particle axis (( -.1°). 
Bottom: Polarisation along long particle axis (13=901. Data were shown previously in Figure 7-15. 
The result draws attention to the accuracy needed in the metal particle fabrication process for 
plasmonic sensing arrays. The difference in the dimensions of the main particle axes is —30nm (cf. 
'non-diffractive' grating in Table 3-1). The sensitivity difference between polarising along each of 
the two main metal particle axes is 59nm/RIU in terms of wavelength, or 43meV/RIU in terms of 
energy. If we approximate that the sensitivity difference scales linearly with the particle axes 
dimension we obtain the following sensitivity differences per additional particle nanometer: 
2nm/RIU if the device monitors the wavelength shift of the plasmon resonance, and 1.4meV/RIU 
if the device detects the plasmon peak shift in energy. If the deposited top layer material has an 
refractive index of 1.5 (An=0.5 in comparison to air) and we assume a sensor sensitivity of 
139nm/RIU, and we are not considering that on average the particle axes differ by 1nm, the error 
for the detected refractive index value would be A(An)=0.007 for a device monitoring the 
wavelength shift. If the device detects the plasmon peak shift in energy and we assume a sensor 
sensitivity of 368meV, the error for the refractive index value would be A(An)=0.002. It seems as 
if the error due to particle size variations can be reduced when the sensing array is calibrated 
towards energy shifts rather than wavelength shifts. Figure 7-17 highlights that the calibration 
curve for the energy shifts is likely not to be perfectly linear. The impact of the structure 
geometry on the calibration curve (e.g. asymmetry) would need to be further investigated. 
Plasmon shifts in wavelength should only be directly compared when the initial plasmon 
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resonance position is the same (i.e. measurements on the same structure and identical setup 
configurations). 
0 	 30 	60 	90 
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Figure 7-19: 	a) Shift (in eV) of the maximum in the extinction cross section spectra after deposition of the 
PMMA layer in dependence on sample rotation angle [3. (Data shown in Figure 7-15.) 
The grating structures studied in this thesis have been fabricated in an electron beam lithography 
process that involves the lift-off of unwanted metal (cf. section 3.2). This processing step makes it 
difficult to achieve accuracies in the metal particle dimensions below ±5nm, also slight tilting of 
the particles might occur. With these accuracies in mind the results presented in this section 
strongly suggest that it is advisable to calibrate each plasmonic sensor before use, even if two 
sensors are nominally the same. PMMA itself would be a good candidate for a calibration 
material as it is easy to remove from the sample (cf. section 4.5). Ways forward to improve the 
fabrication process have been suggested in literature, for example Acimovic and co-workers 
[109] have demonstrated the fabrication of high quality subwavelength particle arrays using an e-
beam writing process combined with reactive ion etching. The authors state that the sample 
fabrication works without the conventional lift-off step, and also does not require an additional 
conductive layer such as ITO for the e-beam writing to work. 
A possibility that the findings of this chapter highlight is to build a plasmonic sensor on one chip 
that can switch its sensitivity simply by changing the polarisation of the incident light. In regard of 
plasmon sensors it is often argued that the highest sensitivity possible is desired. However one 
could also think of scenarios when a lower sensitivity is favourable, for instance when different 
top layers that cover a large refractive index interval are investigated. Here one might want to 
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make sure that the shifted plasmon peak is still within the optimal spectral region of involved 
optical components in the setup, such as detectors or gratings. Using a sensor with a lower 
sensitivity would enable to detect over a larger refractive index range. We have demonstrated 
experimentally (Figure 7-16) that it is possible to switch the sensitivity of subwavelength metal 
particles with an ellipsoidal surface simply by changing the polarisation of the incident light. 
7.1.6 Sensitivity difference in Mie calculations 
In Figure 2-4b (reproduced here for convenience) in section 2.2.2 we presented Mie-calculations 
on a gold sphere embedded in a dielectric with varying refractive index n. The calculation was 
performed on sphere with a diameter of 120nm. Additionally we calculated the extinction cross 
section spectra on spheres with a diameter of 140nm. Subsequently we will investigate how the 
change in particle size affects the plasmon peak shift. We will examine if we also find a sensitivity 
difference towards refractive index changes similar to our experimental observations when we 
changed the incident polarisation on asymmetric particles in grating geometry (cf. section 7.1.5). 
Wavelength (nm) 
Figure 2-4b: 	Mie calculated spectra [131] of a spherical gold particle with a=120nm embedded in media with 
different refractive indices n. 
In Figure 7-20 we have plotted the plasmon resonance shift as a function of refractive index 
change An for the 120nm and the 140nm sphere. We find a fairly linear behaviour for both cases; 
when the plasmon resonance position is given in terms of wavelengths and is given in terms of 
eV. As observed in our experiments (cf. Figure 7-16 and Figure 7-19) there is a sensitivity increase 
when the particle dimension along the polarisation vector is bigger. Based on a linear fit the 
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sensitivity for the 120nm sphere is 251nm Rill', and for the 140nm sphere 317nm RIU-1. In terms 
of energy the sensitivity is 813meV RIU 1  for the 120nm sphere and 934meV RIU-1 for the 140nm 
sphere. 
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Figure 7-20: 
	
Plasmon resonance peak shift extracted from Mie calculations on a Au sphere with 120nm and 
140nm diameter respectively as a function of refractive index of a surrounding medium. a) Shift 
in in nm b) Shift in eV. The dotted lines are linear fits. 
The difference in the gold particle diameter is 20nm. If we approximate that the sensitivity 
difference scales linearly with the particle axes dimension we obtain the following sensitivity 
differences per additional particle nanometer: 3nm/RIU if the sphere would be used to monitor 
the wavelength shift of the plasmon resonance, and 6meV/RIU if the sphere detects the plasmon 
peak shift in energy. If the deposited top layer material has an refractive index of 1.5 (An=0.5 in 
comparison to air), and it is not considered that the particle dimensions differ by 1nm, the error 
for the detected refractive index value would be A(An)=0.006 if the sphere monitors the 
wavelength shift. If the sphere detects the plasmon peak shift in energy the error for the 
refractive index value would be A(An)=0.004. As observed in the experiments it seems as if the 
error due to particle size variations can be reduced when the response of the sphere is calibrated 
towards energy shifts rather than wavelength shifts. Generally the Mie calculations have 
confirmed that sensitivity differences occur when particle size variations are present. The high 
sensitivity of plasmonic fields can surely be used to detect changes in their optical environment. 
However the limitations of the used fabrication techniques need to be considered. To exploit the 
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full potential of LSPR our results have shown that it is advisable to calibrate each subwavelength 
metal grating, e.g. with PMMA, before use. 
7.1.7 Remarks to polymer experiment 
In section 7.1.2 we have spin coated different polymer films on top of 'non-diffractive' gratings 
and had monitored the plasmon peak shift. The results are presented again below (Figure 7-8). 
The plasmon peak shift showed a fairly linear behaviour towards the refractive index change 
induced by the polymer (cf. Figure 7-9). However the plasmon peak shift for the 'RedF' polymer 
was slightly smaller than for the F8BT layer. From the refractive index data (Figure 7-7b) the 
opposite behaviour would have been expected, as generally nRedF>nF8B-r. The result inspired us to 
investigate different aspects that seemed to be important for detecting refractive indices of 
superstrate layers. They were the impact of superstrate thickness (section 7.1.3), the impact of 
refractive index dispersion of the polymer (section 7.1.4) and the impact of the initial plasmon 
resonance position (section 7.1.5). 
Figure 7-8: 
	Measured extinction cross section spectra of three 'non-diffractive' gratings before (black) and 
after (green) the deposition of polymer. The superstrate layers are a) 85nm PMMA b) 65nm F8BT 
and c) 65nm 'RedF'. 
Our investigation in section 7.1.4 has shown that the refractive index dispersion of the polymer 
would not have had a significant impact on the plasmon resonance position in our experiment 
(Figure 7-8). In section we investigated the effect of the initial starting position on the sensor 
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performance. We have shown that a plasmonic sensor is likely to show a larger sensitivity when 
the polariser is orientated along a larger metal particle axes (cf. Figure 7-16). In our experiment 
we have noticed that the initial starting positions for the 'non-diffractive' grating used with F8BT 
was 653nm whereas the position for the grating used with 'RedF' was 664nm. Hence the average 
particle axis of the 'RedF' grating is probably slightly longer. From the investigation presented in 
section 7.1.5 a larger sensitivity for the 'RedF' grating would have been expected, and a larger 
shift in the extinction cross section spectra compared to the F8BT case. The opposite was 
observed experimentally. Therefore it is believed that the smaller plasmon peak shift for the 
'RedF' case (Figure 7-8) was not related to the impact of the initial starting position. 
In section 7.1.3 we explored the effect of film layer thickness on the plasmon resonance, and 
have shown that significant plasmon peak shifts can occur due to Fabry-Perot oscillations. If the 
film thickness varies ±5nm then the error in the plasmon peak position due to Fabry-Perot 
oscillations can be up to ±4nm. As mentioned before it is known that the wetting of polymer 
films on ITO is sensitive to the surface properties and the used solvent [150]. This is particularly 
the case for 'RedF'. Therefore it is likely that the smaller shift for the 'RedF' layer (compared to 
the F8BT) was caused by thickness variations of the polymer. Another explanation might be the 
electronic transitions in the F8BT and 'RedF' polymers. Whilst for F8BT the absorption peaks are 
spectrally well separated from the LSPR of the metal particles, 'RedF' has an additional shoulder 
at —570nm (cf. extinction coefficient k in Figure 7-7b). The shoulder slightly overlaps spectrally 
with the broad LSPR peak of the metal particles (cf. Figure 7-8c), which might induce a small shift 
of the LSPR. Haes et al. had demonstrated on silver nanoparticles that the presence of molecular 
resonances can alter the plasmon peak position and shape [152]. Another reason for the smaller 
peak shift with the 'RedF' layer (compared to F8BT) (cf. Figure 7-9) could be that the refractive 
indices (cf. Figure 7-7b) have been measured by ellipsometry on polymer films with thicknesses 
>100nm [144]. Refractive indices for very thin films might differ. 
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7.2 Sensing using the plasmon and waveguide resonance 
7.2.1 Concept for contrast enhancement in plasmonic sensors 
So far we have been looking at the potential of the plasmon resonance peak for plasmonic 
sensing. Here we will show that combining the plasmon and waveguide resonance can lead to a 
concept of plasmonic sensor that captivates by its good contrast between its 'on' and 'off' state. 
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Figure 7-21: 
	
Principle of contrast enhancement in plasmonic sensing arrays using the waveguide resonance. a) 
Extinction cross section spectrum of a bare 'diffractive' grating with A=380nm. b) Extinction cross 
section cross section spectrum of the same grating structure with "65nm F8BT spin coated on 
top. 
The principle is demonstrated in Figure 7-21. The graph shows two extinction cross sections 
spectra. The first was measured on a bare 'diffractive' grating with a grating period of 380nm and 
the second was taken from the same grating but with a spincoated layer of —65nm F8BT on top. 
At the spectral position of 635nm the extinction cross section value is 0.026 when the grating is 
bare and an extinction cross section of 0.002 when the polymer is deposited. These values 
correspond to a difference of —20% for the ratio 'gradliTo  (where Igrat is the intensity of light 
transmitted through the grating structure and lao the intensity transmitted through the sample at 
a position where no metal particles are present). The contrast between the states when the 
material is 'on' and 'off' is good enough to distinguish easily if the species is present on top of the 
structure. The advantage of the concept outlined here is the speed of the measurement because 
only a single wavelength needs to be checked and not a whole spectrum. The type of sensor is 
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suitable if detecting the presence of a known species is of interest but the sensor itself does not 
need to be very selective between different types of species. Some degree of selectiveness is 
introduced by the waveguide as we would expect the dip to appear at our detecting wavelength. 
If the threshold for defining the 'on' state is low then the detector would not respond if another 
material with a different enough refractive index is deposited. Only the desired species (here: 
F8BT) would define the 'on' state. The design exploits the advantage of having a narrow 
resonance due to the waveguide, and the extinction cross section peak feature of the metal 
particle plasmon resonance. The change in refractive index between the 'on' and 'off state 
should be suitably large so that a large & (Figure 7-22) can be realised and an improved contrast 
can be achieved. 
Figure 7-22 illustrates how such type of sensor would be designed if the refractive index n of the 
specimen top layer is known. The grating period A needs to be adjusted such that the Bragg 
condition would cross with the plasmon peak position without the species and the waveguide 
which would be present when the species is deposited on top of the grating structure. In Figure 
7-22 the effective refractive indices for the TE-waveguide mode of a simplified asymmetric slab 
system (top layer, 100nm ITO, silica) is shown. It was established in section 6.2.1 that the model 
gives a good approximation for the waveguide resonance positions found in the far-field 
extinction cross sections of the grating structures. In Figure 7-22 the plasmon peak position of a 
bare structure (n=1.0) was taken from experimental data of a bare 'diffractive' grating (a=0°, 
(3=0°, 7=0°). The plasmon peak position with a top layer (refractive index 1.5) was extracted on 
the basis that the sensitivity factor m of the subwavelength metal grating is 130nm RIU-1, which is 
a value that we extracted from experiments (cf. section 7.1.2). Controlling the grating period in 
such type of plasmonic sensing arrays would be comparatively easy. Tailoring the spectral 
plasmon peak position is the bigger challenge as the feature is very sensitive to particle shape 
and the polarisation of the incident light (cf. section 6.1.1). For simplicity it is therefore suggested 
to pattern gratings made from 1D subwavelength metal stripes. Metal stripes are faster and 
easier to fabricate than elliptical particles. Still the principle of a plasmonic sensing array with 
improved contrast due to the waveguide resonance can be maintained. 
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Example for adjusting the grating period A such that a large contrast is achieved for detecting a 
top layer with a refractive index of n=1.5. The slope of the Bragg condition (red dashed line) 
should cross the red dot. Here this is the case for A=424nm. 
7.2.2 Sensor with increased incident angle tolerance 
As mentioned above a 10 structure has the advantage of easier sample fabrication compared to 
a 2D structure. Still, if a 2D structure would be made, the dispersive behaviour observed for the 
waveguide feature in dependence of incident polarisation and angle of incident can be exploited. 
In section 6.2.3 we have discussed that a 2D grating structures exhibits waveguide modes which 
are propagating in the ITO layer in y- and z-direction. Our data showed that the spectral position 
of the waveguide resonance for modes propagating in z-direction follows the Bragg condition (cf. 
equation (4.2)) when the incident grating angle 7 is changed (cf. Figure 6-21). On the other hand 
the spectral position of the waveguide resonance for modes propagating in y-direction has only 
very little dependence on the incident angle y. For a 'diffractive' grating we observed TE 
waveguide modes propagating in z-direction and y-direction respectively, and we demonstrated 
that switching between the two waveguide modes is possible when the incident polarisation is 
changed from being s- to p-polarised (cf. Figure 6-21b). 
In the plasmonic sensor concept described in section 7.2.1 it is aimed to achieve a high contrast 
between the 'on' and 'off' stage. We know from previous investigations that the plasmon 
resonance position for the investigated grating structures hardly depends on the incident grating 
angle (e.g. Figure 6-3). We have also studied the dispersion of the waveguide dip (cf. section 
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6.2.2). For .p-polarised light the waveguide dip position remained approximately at the same 
spectral position when the grating angle was slightly changed (y=±5°) (e.g. Figure 6-17b). Hence 
the specific dispersion of the waveguide resonance in a 2D structure can be exploited to 
spectrally 'fix' the position of the spectral features over a range of angles of incidence. As a result 
the contrast enhancement in our plasmonic sensor would be maintained even if the incident 
electromagnetic field does not encounter the sample perfectly at normal incidence. This might 
relax the requirements on aligning such type of plasmonic sensor and the array would be more 
practical to use. 
We can show this described resilience towards the incident grating angle experimentally using a 
'diffractive' grating. The extinction cross section spectra are shown for s-polarised light case 
(a=0°, f3=0°) is Figure 7-23 and for p-polarised light in Figure 7-24. The measurements were 
performed on the structure without any top layer (a) and with a —85nm spin coated PMMA film 
on top (b). The spectral position of 663nm is where the switching occurs (red dashed line in both 
figures). The position roughly coincides with the plasmon peak position when no polymer film is 
present and the waveguide dip when the PMMA is deposited. For s- and p-polarised light a good 
contrast between the extinction cross section values is achieved when the light encounters the 
sample at normal incidence (comparing the blue curves in Figures a and b respectively). It is 
apparent that the contrast is not maintained for s-polarisation when the light encounters the 
sample slightly off-angle (e.g. y=6°). On the contrary when the incident light is p-polarised a high 
contrast between the 'on' and 'off' state can be maintained even when y=6°. This approach offers 
a certain stability of plasmonic sensing arrays towards the incident grating angle which could be 
desirable for sensing applications. 
To conclude a 1D grating structure would mean an easier and cheaper fabrication process which 
might also allow a better control of the plasmon resonance position. On the other hand a 2D 
grating structure could be used to maintain a good contrast ratio in the sensor even if the 
incident light encounters the sample slightly off-angle. Therefore there are benefits to using 1D 
or 2D grating structures and the choice would depend on the specific application. 
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Figure 7-24: 
Extinction cross section spectra of a 'diffractive' grating with varying grating angle y. The incident 
light was s-polarised (aW,)3=0°).a) No top layer and b) °85nm PMMA as top layer. For clarity the 
graphs are each offset by 0.02. 
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Extinction cross section spectra of a 'diffractive' grating with varying grating angle y. The incident 
light was p-polarised (a=90°,D=90°).a) No top layer and b) -85nm PMMA as top layer. For clarity 
the graphs are each offset by 0.02. 
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7.3 Conclusions from chapter 7 summary 
In section 7.1 the suitability of the 'non-diffractive' 2D subwavelength metal gratings for sensing 
the refractive index of thin polymer films was investigated. It was shown that a linear fit of the 
plasmon peak shift gives a good indication for the refractive indices of superstrate layers (cf. 
Figure 7-9, section 7.2.1). We found that the refractive index dispersion of the investigated 
polymers should not have a noticeable impact on the plasmon resonance position (cf. section 
7.1.4, Figure 7-14). We have established that Fabry-Perot oscillations can cause shifts of the 
plasmon resonance (cf. section 7.1.3, Figure 7-10, Figure 7-12). To minimise errors it is therefore 
advisable to compare structures with the same film thicknesses. Our data also highlighted that 
controlling the metal particle dimensions on a nanometer scale is essential for achieving 
reproducible sensitivity values in plasmonic sensors (section 7.1.5, section 7.1.6, e.g. Figure 7-16, 
Figure 7-20). If we would assume that the deposition of an anticipated polymer film thickness can 
be achieved within ±5nm then the error in the plasmon peak position due to Fabry-Perot 
oscillations can be up to ±4nm (cf. Figure 7-12, section 7.1.3). The error in the plasmon resonance 
position due to particle size variations over the grating area (for nominally identical particles) or 
unwanted adsorptions on the particle surface is estimated to be ±3nm (cf. Figure 6-11, section 
6.1.2). It follows that the final plasmon peak position can be determined within ±7nm. Based on a 
sensitivity value of 198nm/RIU (cf. section 7.1.5, Figure 7-16b) the 'non-diffractive' 
subwavelength metal gratings can confidently resolve refractive index differences above 0.04. 
In section 7.2 we presented a concept for the contrast enhancement in plasmonic sensors and 
have shown some preliminary experimental results on such a system (cf. Figure 7-21, section 
7.2.1). The concept exploits the advantage of having a narrow resonance due to the waveguide, 
and the extinction cross section peak of the metal particle plasmon resonance. For switching to 
occur, the grating period should be adjusted such that (i) the Bragg condition would cross with 
the plasmon peak position without the species and (ii) the waveguide feature present when the 
species is deposited (cf. Figure 7-22, section 7.2.1). This type of sensor is suitable for quickly 
detecting the presence of a particular species as the switching would only needed to be 
monitored at a specific wavelength. Some degree of selectiveness is introduced due to the 
presence of the waveguide as the dip appears at the detecting wavelength when the species is 
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deposited. In such a plasmonic sensing array the tolerance towards the incident grating angle 
could be increased by using p-polarised light (cf. section 7.2.2, Figure 7-23, Figure 7-24) which is a 
direct consequence of the dispersive behaviour of the waveguide modes in the 2D grating 
structures (cf. section 6.2.3, e.g. Figure 6-21), and would reduce alignment work. 
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8 Conclusions and future work 
8.1 Conclusions 
In this thesis we have examined the scattering properties of subwavelength gold particles 
arranged in a 2D square lattice supported on an ITO waveguiding layer. The set of gratings 
studied comprised different lattice periods with particles shaped as ellipsoidal prisms (cf. section 
3.2, Figure 3-2). The extinction cross section spectra of the gratings show typically a broad peak 
and narrow dips which can be attributed to plasmon and waveguide resonances respectively (cf. 
section 4.1, Figure 4-1a). The experimental work focused on the full optical characterisation of 
the gratings with far-field spectroscopy, and on mapping their dispersion. Mapping the dispersion 
involved monitoring the response of the spectral features towards changes in the orientation of 
the incident electromagnetic field (i.e. the incident grating angle and orientation of linearly 
polarised light). We investigated what governs the spectral features in the far-field, and how 
suitable the grating structures are for sensing refractive indices of thin superstrate polymer 
layers. To help to guide the reader the thesis conclusions have been divided into two sub-
sections that recall the main findings of chapter 6 and 7. 
Before that we summarise the important sample specifications. We examined grating structures 
with lattice periods varying between 260nm and 420nm, and distinguished two types of grating 
structures: 'non-diffractive' and 'diffractive' gratings (cf. Table 4-1, section 4.1). For the former 
the plasmon resonance and waveguide resonance are spectrally well separated, for the latter the 
two features overlap when light encounters the sample at normal incidence (cf. Figure 4-1). The 
metal particles in the gratings comprised nominally 20nm gold and a 10nnn titanium wetting 
layer. The magnitude of the nominal particle height could be confirmed by AFM (cf. section 3.4.3, 
Figure 3-11). It was verified by SEM-images that for all the gratings the 'in-plane' particle 
dimensions were typically 110±10nm along one principle axis and 130±10nm along the second 
principle axis (cf. section 3.4.2). SEM-images also confirmed that the particle lattices were indeed 
square (cf. section 3.4.1). MLWA and RCWA modelling suggested that for all structures the metal 
particles are spaced sufficiently far away from each other, so that near-field coupling between 
the particles has no major effect on the gratings' far-field response (cf. Figure 5-4 and Figure 
- 163 - 
CHAPTER 8 
5-11). Radiative far-field interactions on the other hand have a significant impact on the 
extinction cross section spectra, for example alter the shape of the plasmon feature for the 
'diffractive' gratings (cf. Figure 5-4). We compared the measured transmission, reflectivity, 
absorption and extinction cross section spectra of the 'non-diffractive' and 'diffractive' metal 
gratings (cf. section 4.3.2), and established that showing the extinction cross section is 
appropriate to capture the physics of the structures. 
8.1.1 What governs the spectral far-field response? 
In summary of chapter 6 we investigated what governs the spectral far-field features observed 
for the bare gratings (without any superstrate layer). The 'non-diffractive' grating structures were 
well suited to investigate what governs the plasmon resonance, and the 'diffractive' grating 
structures to examine the interaction between plasmon and waveguide resonance. We were 
particularly interested in the impact of the gratings' 2D nature on the far-field spectra and in the 
role of the waveguide. 
A 'non-diffractive' grating was used to measure the dispersion of the plasmon resonance towards 
the incident grating angle (cf. Figure 6-2, section 6.1). It was found that the spectral position of 
the feature did not show any significant changes (within 5nm) when the angle onto the sample 
was changed by ±25° (cf. Figure 6-3). This shows that the coupling to the plasmon resonance is 
not induced by the grating arrangement of the metal particles but must be caused by scattering 
events on the particles itself. For the 'diffractive' grating structure the spectral overlap with the 
grating diffraction edge strongly alters the plasmon resonance (cf. Figure 6-14, section 6.2.1). 
However changing the grating angle allows tuning the grating-induced features away from the 
plasmon resonance, and the particle plasmon resonance peak can be re-covered. For large 
grating angles (>_20°) the same dispersive behaviour as in the 'non-diffractive' gratings was 
observed; the spectral plasmon resonance position is not significantly affected by the incident 
angle (cf. Figure 6-9). 
In contrast, when the polarisation of the incident light was varied strong spectral shifts of the 
plasmon resonance occurred (Figure 6-4, section 6.1.1). In the experiment we took a 'non-
diffractive' grating structure, and rotated the sample around the optical axis. This changed the 
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polarisation incident on the particles gradually from the being parallel to the short particle axis to 
being parallel to the long particle axis. Overall a red shift of the plasmon peak in the order of 
—90nm was observed, even though the dimensions between the principle 'in-plane' particle axes 
only differed by —30nm (cf. Table 3-1, section 3.4.2). For intermediate rotation steps the plasmon 
feature is a linear superposition of two plasmon peaks each attributed to the respective principle 
particle axis (cf. Figure 6-6, section 6.1.1). The experimental trends were well reproduced with 
MLWA modelling on a single ellipsoidal particle (cf. Figure 6-7, section 6.1.1). 
The overall dispersive behaviour of the plasmon resonance confirmed indirectly that the 
electromagnetic fields must be highly localised at the metal particles when the plasmon mode is 
resonantly excited. The plasmon resonance showed a high sensitivity to the orientation of the 
asymmetric metal particles, and hence particle dimensions must be well controlled to achieve 
reproducible spectral positions for the plasmon resonance. Our experimental data suggests that 
the particle dimensions must almost be controlled within ±1nm to obtain an accuracy of ±5nm 
for the spectral plasmon resonance position (cf. Figure 6-10). Currently with e-beam lithography 
the particle dimensions are likely to vary within ±5nm. Better accuracies should be achieved in 
the future as fabrication techniques are steadily improved. The impact of particle size variations 
on the plasmon resonance position can be reduced statistically by illuminating a larger number of 
particles as the particle size distribution is subject to a Gauss function (cf. Figure 3-9, section 
3.4.2 and Figure 4-13, section 4.4). 
The waveguide resonance was systematically studied on both types of structures; 'non-
diffractive' and 'diffractive' gratings. For measurements performed with s-polarised light the 
dispersion of the waveguide resonance is significantly different from the plasmon resonance. 
When the grating angle was varied (±25°) the dispersion map showed a 'cross-like' shape (cf. 
Figure 6-12, Figure 6-14, section 6.2.1). This is expected for a grating coupling process, and we 
have also seen this behaviour when we performed RCWA modelling on a 1D grating geometry (cf. 
Figure 5-14, section 5.3.4). Interestingly the experimental maps revealed additional 'cross-like' 
shapes (cf. Figure 6-14, section 6.2.1) that were not observed with RCWA model on 1D grating 
structures (cf. Figure 5-14, section 5.3.4). We concluded that these additional features have to be 
attributed to the 2D nature of the grating. They originate from the (1,1) grating order and the 
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simultaneous presence of TE- and TM-waveguides (cf. Figure 6-15, section 6.2.1). Both 
phenomena are specific for 2D gratings, and to the best of the author's knowledge this is the first 
time that they have been identified experimentally on such type of 2D subwavelength metal 
gratings. The presence of the metal seems to enhance the contrast in the dispersion maps so that 
the waveguide resonances can be clearly tracked. 
The 2D nature of the grating influences the coupling to the underlying waveguide even further 
than described in the previous paragraph. For p-polarised light the spectral position of the 
waveguide resonance remained almost 'fixed' when the angle of incident was changed, which is 
very different from the 'cross-like' shape observed for s-polarised light (cf. Figure 6-21, section 
6.2.3). We explained this by considering the involved grating coupling process and the 
projections of the incident field components onto the grating structure (cf. Table 6-1, section 
6.2.3). By combining the dispersive behaviour for changes in polarisation and incident grating 
angle it is possible to switch the coupling to waveguide modes 'on' and 'off' (cf. Figure 6-22, 
section 6.2.4). This was demonstrated on the same structure and therefore showed the impact of 
the underlying waveguide on the extinction cross section spectra directly. To our knowledge this 
has been reported for the first time. We observed deep troughs in the extinction cross section 
spectra and sharper spectral features, when the waveguide resonance was present and 
overlapped spectrally with the plasmon resonance. When the coupling to the waveguide mode is 
'switched off' the depth of the trough is reduced and in some cases the sharp spectral features 
disappear (cf. Figure 6-22, section 6.2.4). Latter depends on where the plasmon resonance and 
diffraction edge overlap in the spectrum. Our experimental data suggest that weak coupling 
between the plasmon and waveguide resonance occurs (cf. Figure 6-22, section 6.2.4 and cf. 
Figure 6-14, section 6.2.1). 
8.1.2 How suitable are the gratings for detecting refractive index changes? 
In chapter 7 of this thesis we investigated the suitability of the grating structures for sensing the 
refractive indices of thin polymer films. For our investigations we spin coated different polymer 
materials on top of the gratings. We have demonstrated in section 4.5 that the grating structures 
show some resilience to slight ultrasonication and solvent cleaning procedures, which is a big 
advantage for using them as sensors and was attributed to the presence of the titanium wetting 
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layer. In the far-field spectra the plasmon and waveguide resonance respond differently towards 
refractive index changes; the plasmon resonance being more sensitive and the waveguide 
resonance giving a better reproducibility (cf. section 7.1.1., Figure 7-2, section 7.1.5). The 'non-
diffractive' grating structures can be used as a conventional LSPR sensor monitoring the spectral 
shift of the plasmon peak position (cf. Figure 7-8). The dependence of the wavelength shift 
towards the refractive index of the top layer material is fairly linear (cf. Figure 7-9). However the 
sensor's figure of merit is rather low (-0.57 RIU-1) due to the large plasmon peak width. RCWA 
modelling suggested that the large plasmon peak width is a drawback induced by the presence of 
the titanium wetting layer (cf. Figure 5-12, section 5.3.3). 
We have used the dispersive behaviour present for the asymmetric metal particles (section 6.2.2, 
Figure 6-4a) to examine the effect of the initial localised surface plasmon resonance position on 
the sensor sensitivity. The investigations were performed by changing the incident polarisation, 
and comparing the spectra with and without superstrate layer (cf. Figure 7-15, section 7.1.5). 
Hence the metal particle volume remained constant. The sensitivity of the grating structures 
varied between 139nm/RIU and 198nm/RIU depending on whether the incident light is polarised 
parallel to the short or long 'in-plane' principle axis of the metal particles (cf. Figure 7-16, section 
7.1.5). The length difference between the principle axes was —30nm (cf. 'non-diffractive' grating 
in Table 3-1). We concluded that the initial spectral position of the plasmon resonance influences 
the sensor sensitivity significantly and plasmon peak shifts in wavelength should only be directly 
compared for measurements on the same structure with identical setup configurations. If the 
plasmonic sensing array is calibrated to plasmon shifts in energy (rather than wavelength) a clear 
sensitivity difference still occurred: The sensitivity factor was 368meV/RIU when we polarised 
along the short 'in-plane' particle axis and 411meV/RIU for polarisation along the long axis. 
Therefore asymmetric metal particles can be used to build sensing arrays that can switch 
sensitivity simply by changing the incident polarisation. 
The data also highlighted the impact of particle size variations on the sensor performance, and 
that controlling the particle axes dimensions within a few nanometers is paramount for achieving 
good sensor selectivity. Considering the current limitations of e-beam lithography (±5nm) it is 
therefore advisable to calibrate each plasmonic sensing array before use, e.g. with PMMA. It 
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should be noted that particle size variations seemed to have still significant but less of an impact 
when the plasmon peak shifts were calibrated in terms of energy rather than in terms of 
wavelength. 
Once the sensor is calibrated it needs to be considered that Fabry-Perot oscillations can 
significantly shift the plasmon peak position when the gratings are used to detect refractive 
indices of thin films (cf. Figure 7-10, Figure 7-12, section 7.1.3). If we would assume that the 
deposition of an anticipated polymer film thickness can be achieved within ±5nm then the error 
in the plasmon peak position due to Fabry-Perot oscillations can be up to ±4nm (cf. Figure 7-12, 
section 7.1.3). We have established in chapter 6 that due to unwanted adsorptions or particles 
size variations on the same grating the measured plasmon peak position might shift within ±3nm 
(cf. Figure 6-11, section 6.1.2). Based on a sensitivity value of 198nm/RIU we conclude, that the 
'non-diffractive' subwavelength metal gratings can confidently resolve refractive index 
differences above 0.04. 
Overall using the gratings as conventional LSPR sensors does not seem to offer many advantages 
compared to sensors fabricated with cheaper methods (e.g. colloidal lithography [110]). Perhaps 
in some cases the uncertainty for the particle size dimensions is reduced in structures fabricated 
with e-beam lithography which could, as we found, lead to a better reproducibility with these 
types of arrays (cf. section 7.1.5, e.g. Figure 7-16). However one benefit of using e-beam 
lithography is that it is possible to arrange the metal particles in a highly ordered way. Therefore 
it would be a good use of resources to make use of the grating properties. 
The superposition of the plasmon resonance with the diffraction edge of the grating can lead to 
sharp spectral features (cf. Figure 6-14, section 6.2.1), and it has been suggested in literature that 
these features might be suitable for refractive index applications [17]. Our work has shown that 
the grating induced features react less sensitive towards refractive index changes (-140meV/RIU) 
compared to the spectral plasmon resonance position (-300meV/RIU) (cf. section 7.1.1., Figure 
7-2). Therefore the sharpness of the feature might not be maintained when a superstrate layer is 
deposited, and in any case we would not be able to take advantage of the high sensitivity of 
surface plasmon resonances towards refractive index changes. Additionally the grating induced 
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features and the plasmon resonance seem to (weakly) couple (cf. e.g. Figure 6-22, section 6.2.4), 
which makes the calibration of the sensing device challenging. 
Nevertheless we believe that the studied grating structures will find their place in applications. 
We have presented preliminary experimental results for a device concept that exploits the 
advantage of having a narrow spectral feature due to the waveguide resonance, and the 
extinction cross section peak due the localised surface plasmon resonance (cf. section 7.2.1, 
Figure 7-21). The presence of the waveguide resonance increases the sensor contrast, and the 
device would be suitable for quickly detecting the presence of a particular species as changes in 
transmission would only be needed to be monitored at a specific wavelength. For switching to 
occur, the grating period should be adjusted such that (i) the Bragg condition would cross with 
the plasmon peak position without the species and (ii) the waveguide feature present when the 
species is deposited (cf. Figure 7-22, section 7.2.1). In such a plasmonic sensing array the 
tolerance towards the incident grating angle could be increased by using p-polarised light (cf. 
section (cf. section 7.2.2, Figure 7-23 and Figure 7-24), which is a direct consequence of the 
dispersive behaviour of the waveguide resonances in the 2D grating structures (cf. section 6.2.3, 
cf. e.g. Figure 6-21), and would reduce alignment work. 
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8.2 Future work 
8.2.1 Comparing structures with and without a waveguide layer 
It would be interesting to fabricate the same grating structures that have been investigated in 
this thesis but without a waveguide layer, e.g. only with a 30nm ITO film, and compare the 
switching of the grating induced features between the two structures. In our data we reduced 
the coupling to the waveguide resonance by changing the incident polarisation on the 2D grating 
structure (cf. Figure 6-22, sections 6.2.3 and 6.2.4). We found that the presence of the waveguide 
resonance leads to deep troughs in the extinction cross section spectra and sharper spectral 
features. The comparison, between a structure with and without a waveguide layer, is suggested 
to further verify our findings. 
8.2.2 Shaping emission properties of thin superstrate layers 
An exciting field for further research would be to investigate how the vicinity of subwavelength 
metal particle arrays influences the emission properties of thin organic superstrate layers. 
Recently Vecchi et al. [22] investigated the fluorescent emission of dye molecules deposited on 
subwavelength metal particle arrays supported on glass. Similar to the work presented in this 
thesis, the scientists observed a broad plasmon resonance and a narrow grating-induced mode in 
their far-field spectra. Interestingly Vecchi et al. reported a significant increase in fluorescence 
(up to sevenfold enhancement) at the spectral positions of the grating-induced mode. 
In the context of Vecchi et al.'s [22] work it would be fascinating to investigate how an underlying 
waveguide influences the fluorescence of thin polymer layers or dye molecules deposited on top 
of the subwavelength metal particle gratings. We have demonstrated that we can switch the 
coupling to underlying waveguide modes in 2D subwavelength metal gratings by using their 
dispersion (cf. Figure 6-21, section 6.2.3). Therefore the transmission could be measured on the 
same sample with and without coupling to the waveguide mode (similar as shown in Figure 6-22, 
section 6.2.4), and the impact of the waveguide on the top layer's emission properties could be 
compared directly. Additionally the knowledge we have gained about the dispersion of 2D 
subwavelength metal gratings might be useful in applications where it is desired to keep the 
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fluorescent enhancement at a certain spectral position even when the incident light does 
encounter the sample slightly off angle. We have demonstrated that the TE-waveguide 
resonance hardly shifts spectrally when the incident light is p-polarised and the grating angle is 
increased (cf. Figure 7-24 , section 7.2.2). If fluorescence enhancement occurs along this spectral 
feature then a higher tolerance towards the incident grating angle might be achieved that could 
introduce new perspectives for biomedical optics and optoelectronic devices. 
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Appendix 
Al 	Dispersion relation of surface plasmon polaritons 
SPP waves are an electromagnetic phenomenon and can be described by Maxwell equations 
((2.1)-(2.4)), where E is the electric field, H the magnetic field, B the magnetic induction, D the 
electric displacement , r a vector in space, t the time, J current density and p charge density [62]. 
curlE(r, 0 = — —
a
B(r, 0 
at 
a 
cur1H(r,t) = at D (r, 0 + J (r, 0 
divD(r, t) = p(r, t) 	 (2.3) 
divB(r, t) = 0 	 (2.4) 
In our case we have no external sources of charges or currents, so that p(r, t) = 0 and 
J(r, 0 = 0. 
Figure 2-1: 	Schematic of field distribution of a surface plasmon polariton wave at a metal-dielectric 
interface. (after reference [61) 
We are going to derive the dispersion relation of SPPs, loosely following the method presented 
by Raether [29]. We first look at the solutions for p-polarised incident light, where the field 
components can be described as follows. 
For x>0: 
Exi 
E(x, z, 0 = 	0 eucxi x euczi z e-twt 
	
A1.1 
Ezi 
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0 
H(x, z, 0 = H 1 eikxix etkzi z e-tolt 
0 
And for x<0: 
Ex2 
E(X,Z,0 = 0 1 e —tkx2 xe ficz2ze—leot 
Ez2 
(0 
0 H(x, z, = Hy2 e-ikxzx e tkz2 z e-icot 
0 
For a trapped surface wave with exponential decay in both media, we need ik,a<0 and ik„2>0. 
Thus both Ici are imaginary with opposite signs. We have the following wavevector relations 
A1.2 
A1.3 
A1.4 
For x>0: 
For x<0: 
kxi = i J lq — Eikg 
A1.5 
 
1 
 
kx1 = —I /4 — E214 
A1.6 
where ko is the wavevector in vacuum and kz = - k zi = kzz. 
This requires that 4 > Elk; and iq > e2 k1,. From the first equation (A1.5) we see that the 
surface mode wavevector will be greater than the wavevector in the dielectric, whereas the 
second condition (equation A1.6) is satisfied automatically with e2 negative for the metal. 
Applying the second Maxwell equation (2.2) to the field components (A1.1 to A1.4) yields 
For x>0: (-aziHyl 
0 	) = -- IWEI. E0 
axilly1 
41) 
( 0 
Ezi 
For x<0: ( -ikz2Hy2 
0 	) = -10.)E2E0 
Exi) 
( 0 
-1kx2Hy2 Ezi 
We arrive at: 
For x>0: kx1Hyl = —wElE0Ezi 	 A1.7 
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For x<0: 
	
kx2Hy2 = WE2E0Ez2 
	 A1.8 
The boundary conditions at the interface are 
Hyl = H y2 	 A1.9 
EiExi = E2E.x2 
Ez1 = Ez2 
From the second boundary condition it can be derived that Ex, is forced to change when 6r  
changes. The discontinuity in E, results in polarisation changes at the interface. It is obvious that 
p-polarised radiation will automatically create a time dependent polarisation charge at the 
interface. As this cannot be achieved with s-polarised light, s-polarised incident radiation cannot 
normally be used to excite surface plasmon polaritons [63]. 
We also obtain from equations A1.5 and A1.6 
For x>0: 
	 Ei kd = k,2,1 + kZ 
	
A1.10 
For x<0: 
	 E2 k6 = 	+ kZ 
	
Al. 11 
where k0 is the wave vector in vacuum and kz = k z1 = kz2. 
Combining equations A1.7, A1.8 and A1.9 leads to the following system of equations 
H y1 — H y2 = 0 
II: kx1 H y1 + —kx2 Hy2 = 0 
El 	 E2 
For a non-trivial solution to exist, the determinant of the system has to be zero, yielding 
kxl kx2 n  = 
E1 	E2 
We rearrange equation A1.14 to isolate k,,1, and insert into equation A1.10. This gives a new 
system of two equations with the parameters kx2 and lc,. In both equations we then isolate kx2 and 
equalize, which leaves only k, as a parameter. We finally obtain: 
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kz2 	(E2 	El) ( 	)E2k02 2 	2 
El E2 El 
This can be simplified using the 3rd binomial formula to 
El E2  k z = kspp — 	ko 
+ E2 
(2.5) 
Equation 2.5 is the dispersion relation of surface plasmon polaritons propagating at the interface 
between two half spaces. 
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A2 	Material parameters 
The dielectric functions used for calculations in this thesis are from the following sources: The 
gold data are from a publication by Johnson and Christy [71] (Figure A2.1), the titanium data 
from the Sopra database for ellipsometry (Figure A2.2), the ITO data from a publication by 
Synowicki [126] (Figure A2.3), the silica data were linearly interpolated from measurements 
taken by Xia [124] (Figure A2.4a) and the Ta205 data were provided by 'The Centre for Integrated 
Photonics' [153] (Figure A2.4b). The refractive index data for the polymers PMMA [145], F8BT 
and 'RedF' are presented in Figure 7-3 and Figure 7-7b respectively [144]. 
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Figure A2.1: 	Permittivity of gold [71] a) real part and b) imaginary part. 
Figure A2.2: 	Permittivity of titanium [145] a) real part and b) imaginary part. 
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Figure A2.3: 	Permittivity of ITO [126] a) real part and b) imaginary part. 
400 600 800 1000 
Wavelength (nm) 
Figure A2.4: 	Permittivity of a) silica [124] and b) Ta205 [153]. The imaginary parts were set zero. 
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A3 	The Lorentz model 
The Lorentz model was originally developed to describe the properties of electrons and ions in 
matter, where the electrons and ions are treated as a simple harmonic oscillator subject to a 
driving force of an applied electromagnetic field. The model can be found in many textbooks (e.g. 
[1]) but because it is considered to be essential for the understanding of the basic properties of 
electromagnetic resonances it shall be briefly outlined as part of this thesis. 
We define an oscillator with a mass me and a charge e which is acted on by three different forces: 
a linear restoring force Kr, where K is the spring constant and r is the displacement from 
equilibrium; a damping force bt, where b is the damping constant and a driving force that is 
created by the local electric field E. Radiation reactions are neglected. The equation of motion for 
the oscillator is 
mei' + bt + Kr = eE 	 A3.1 
The electric field is set as time harmonic with a frequency co. The oscillatory part of the solution 
to equation A3.1 is 
r= 	2 wo — CO - I. .6 CO 
, where cog = K /me and S = b/me. The amplitude A of the displacement is 
1 
A = 	2 
[(WO - W2)2 + 82w2]1/2 
, and the time delay between the applied electromagnetic field and the displacement field can be 
expressed by phase angle e 
0 = tan 1 2 	2 
O W - W 
lm) E  
A3.2 
A3.3 
Sc') 
A3.3 
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It follows from these equations that the amplitude reaches a maximum at co = coo. At low 
frequencies the oscillator responds in phase with the driving force, whereas at high frequencies 
the two are 180° out of phase. This phase change happens close to the resonance frequency coo. 
The behaviour is illustrated in Figure A3.1. The amplitude and the phase change depend on the 
damping factor 6. The height of the amplitude is inversely proportional to 6, whereas the width 
of the half-maximum is proportional to 6 (if 6<<coo) (Figure A3.2). 
Energy (a.u.) 
Figure A3.1: 	Amplitude and phase of the oscillator displacement in the Lorentz-Model 
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Figure A3.2: 	Amplitude (a) and phase (b) of the Lorentz oscillator as a function of the damping constant, 
where r=28/fflo- 
The subwavelength metal particles that are part of the grating structures investigated in this 
thesis show a resonant behaviour in the visible spectrum. The optical spectra cannot be 
described using the dielectric properties of the bulk material because the dielectric function will 
change in dependence of the particle shape [3]. The Lorentz-model is suitable to reproduce some 
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effects seen in the measured spectra and also illustrates very well the importance of phase 
relations for forming the plasmon resonance feature. The approach will be outlined below. 
For simplicity we imagine that a subwavelength metal particle responds to incoming light the 
same as an artificially created material that has a refractive index dispersion that can be obtained 
from the Lorentz-model (Figure A3.3). The material is a layer with thickness /, and the light 
encounters the layer at normal incidence. The question is addressed how much light is reflected, 
absorbed and transmitted by the 'Lorentz-material'. It was ensured that the resonance will be in 
the visible range. The resulting dielectric function is shown in Figure A3.3b. One might wonder 
why the refractive index is less than 1 for frequencies larger than the resonance frequency. Here 
it has to be taken into consideration that only the steady-state response of the oscillator is 
looked at and the transient response is not included. Within this approximation Bohren and 
Huffman [1] argued a transmitted wave can be created that is advanced relative to the incident 
wave due to phase relations between the oscillators, the incident and scattered waves. Hence 
the refractive index can be smaller than 1. However here we are mainly interested in the general 
course of the refractive index over the spectral range. 
Figure A3.3: 	a) Illustration of the modelled system. The incident light encounters a layer that has the dielectric 
properties shown in Figure b. The thickness of the material is I. b) Refractive index n and 
extinction coefficient k extracted from the Lorentz-model with randomly chosen parameters. 
Two approaches for calculating the transmission, reflectivity and absorption of the 'Lorentz layer' 
will be compared. At first the Lorentz-layer will be treated like a thin layer which means 
interference effects that occur due to multiple reflections inside the structures are considered. 
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Then we will treat the 'Lorentz layer' as if it was a thick material and do not account for the 
interference effects. We define the complex refractive index as N=n+ik. 
In the thin layer approach the Fresnel coefficients r and t for an electromagnetic wave that 
encounters the material at normal incidence can be calculated as in shown equations A3.4 and 
A3.5, where the parameter 4  is iffi = 
2rzlNi
.  Then the reflectivity R and transmission T can be 
Ao 
calculated using equation A1.6 [154]. 
(N0  — N1)(N1  + N2)e— + (N1 — N2)(N0 + N1)e r = 	
4 
(N0 + N1)(N1 + N2)e-4 + (N0 — NO (NI. — N2)ei0 
t = 
(N0 + NO(Ni + N2 )e —t0 + (N0  — Ni)(Ni— N2)64' 
R =17-12 and T = 
N2 
1-1 Iti2 No 
In the second case the material is considered as a thick layer and the phase relations due to 
interferences are neglected. The reflectivity R and transmission T can be calculated from the 
reflectivity and transmission obtained for each interface, e.g. R01 is the amount of light that is 
reflected when the electromagnetic wave encounters the interface between the medium with N0 
and N1. In equation A3.7 we how to calculate R01 and T01. The components for the other 
interfaces are calculated accordingly. 
Rol =17'0112 = 
No — N1 2  
I No + N1
I 
 A3.7 
T01 = 1 — R01 	 A3.8 
The reflectivity R and transmission T are calculated as in equations A3.9 and A3.10, where 
a=27ck/X4, is the absorption coefficient [154]. 
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TO21R12e-26t1  
R = Rol + 1 — R12 R1oe-2al 
Totlig —al  T = 
1 — R12 Rioe-2a1 
A3.9 
A3.10 
In Figure A3.4 the resulting transmission, reflectivity and absorption spectra for the thin layer 
approach (a) and thick layer approach (b) are presented. It is apparent that a clear plasmon peak 
is only formed in the spectra when the phase relations between the incident and multiple 
reflected waves are included into the calculations. Hence the phase relations between the 
superposing electromagnetic fields are essential for plasmon resonances. The result also 
highlights the fact that the transmission, absorption and reflectivity minimum/maxima that are 
attributed with the plasmon resonance do not necessarily occur at the same spectral position. 
Latter is more clearly illustrated in Figure A3.5, where the spectral positions for the maxima and 
minima have been extracted from the spectra for a layer thickness I being 80nm (spectra not 
shown) and 30nm. 
Figure A3.4: 	Calculated transmission, reflectivity and absorption for a layer of 'Lorentz-material' with 
thickness 1=30nm. a) The material was treated as a thin layer including interference effects b) The 
material was treated as a thick layer not including interference effects. 
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Figure A3.5: 
	Extracted resonance positions from the transmission (T), reflectivity (R) and absorption (A) 
spectra calculated with the thin layer approach on a layer of 'Lorentz-material'. The layer 
thickness was 30nm (circles) and 80nm (triangles) respectively. 
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A4 	Grating diffraction edges for different periodicities and host materials 
In Table A 4.1 we give the position of the diffraction edges for a 2D grating surrounded by a host 
material with the refractive index n.P.0). The host material is air, ITO and silica respectively, and 
X0 is the wavelength in vacuum. The material parameters of ITO and silica are presented in the 
appendix A2. The diffraction edges for the grating orders (1,0) and (1,1) have been determined 
graphically by plotting the grating equation as nh(XO) (equation (4.17)), and the refractive index of 
the material as a function of X0. We have taken the error in the grating period as ±5nm (cf. 
section 3.4.1).The errors from refractive index variations are only minor and can be neglected. 
Material Air ITO Silica 
Diffraction 
edge (nm) 
Grating 
order 
(1,0) (1,1) (1,0) (1,1) (1,0) (1,1) 
Grating 
constant 
(nm) 
260±5 260±5 184±4 501±10 382±8 384±8 273±6 
380±5 380±5 269±4 674±8 515±7 557±8 396±6 
420±5 420±5 297±4 726±9 558±7 614±8 438±6 
Table A 4.1: 	Diffraction edges obtained from equation (4.17) for different grating constants and the host 
materials air, ITO and silica. The grating is surrounded by the host material as illustrated in Figure 
44. 
It has to be considered that in the grating structures investigated in this thesis the ITO layer is 
only 100nm thick surrounded by media with lower refractive index. Therefore the effective 
refractive index defining the diffraction edge will be lower than the refractive index of the ITO 
bulk material, and the ITO diffraction edge in our experiments will appear at shorter wavelengths 
than the ones calculated in Table A 4.1. The effective refractive index depends on the field 
distribution in the ITO film and the adjacent media. The field distribution is influenced by the 
excitation of waveguide modes in the ITO layer (cf. section 4.2.3, cf. section 5.3.4). 
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